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Abstract  
Anthropogenic climate change presents an unrivalled threat to environmental stability 
and the prosperity of future generations. Utilising abundant, renewable resources in 
energy generation and storage will be essential to halt climate change and its effects. 
Solar water splitting is an excellent tool in the renewable energy arsenal for countering 
climate change, as it utilises both sunlight and water, two of the most abundant resources 
available on earth. Furthermore, the direct formation of a chemical fuel, hydrogen, is 
thought to be more practical for storing in large quantities than electricity. Work in this 
thesis covers the investigation of a variety of materials, fabricated by aerosol assisted 
chemical vapour deposition (AACVD), for their ability to carry out photoelectrochemical 
water splitting.  
In one project, thin films of Bi2Ti2O7 (BTO), specifically of the pyrochlore crystal structure, 
are fabricated by AACVD and analysed for their photoelectrochemical properties. The 
resulting thin films are found to be phase pure with a band gap of 2.88 eV, which is 0.32 
eV smaller than TiO2. Efforts to dope the BTO thin films are further investigated through 
the addition of iron. Significant modification to the band gap is observed, leading to a 
confirmed pyrochlore thin film exhibiting a band gap of 2.5 eV, a reduction of 0.38 eV 
from undoped BTO. The resulting thin film had a photocurrent 5 times higher than that of 
undoped BTO. Finally, efforts to fabricate Fe2Ti2O7 are outlined. It is discovered that a 
stable phase of Fe2TiO5 is preferentially formed over the pyrochlore phase, even with 
dramatic modification to the deposition parameters and precursor stoichiometry. The 
high stability of this phase, coupled with the limiting features of the glass substrates, 
highlights the challenges with forming certain pyrochlore thin films.  
In a second project, the effect of depositing titanium nanoclusters onto the surface of 
bismuth vanadate is investigated. Nanoclusters are of huge interest because their 
properties lie between those of atoms and bulk materials. Additionally, nanoscale clusters 
can be fabricated with incredible precision, allowing one to select discrete diameter 
particles for deposition on surfaces. Ti nanoclusters over a range of sizes are deposited 
onto BiVO4 photoanodes. It is discovered that the deposition of ultralow loadings of Ti2000 
clusters results in an 80 % enhancement in the photocurrent of the BiVO4 substrates. 
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Further experimentation highlights that the photocurrent enhancement is linked to the 
size of the nanocluster and the density of the clusters on the surface. A mechanism is 
outlined, whereby the Ti nanoclusters partially reduce the surface of the BiVO4, leading 
to enhanced electron transport within the thin films due to the presence of oxygen 
vacancies.  
In a final project, polycrystalline InN, GaN and systematically controlled InxGa1-xN 
composite thin films are fabricated on FTO glass by a facile, low-cost and scalable aerosol 
assisted chemical vapor deposition technique. Variation of the indium content in the 
composite films leads to a dramatic shift in the optical absorbance properties, which 
correlates with the band edges shifting between those of GaN to InN. Moreover, the 
photoelectrochemical properties are shown to vary with indium content, with the 50 % 
indium composite having an external quantum efficiency of around 8 %. Whilst the overall 
photocurrent is found to be low, the photocurrent stability is shown to be excellent, with 
little degradation seen over 1 hour. Subsequent attempts to modify the morphology by 
conducting vertical-AACVD are also outlined. Thin films fabricated using vertical-AACVD 
are found to grow via a different mechanism, leading to undesired split phase growth, 
where two different compositions form on the same substrate.  
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1 Introduction 
1.1 Motivation 
It is widely recognised that anthropogenic climate change is an ever-increasing threat to 
environmental stability and the wellbeing of future generations. Over the last 30 years 
the scientific evidence has evolved and become more robust in this conclusion. To that 
end, the United Nations Intergovernmental Panel on Climate Change (UN IPCC) gave its 
strongest statement of the causes of climate change in 2014: 
“Human influence has been detected in warming of the atmosphere and the ocean, in 
changes in the global water cycle, in reductions in snow and ice, in global mean sea level 
rise, and in changes in some climate extremes. This evidence for human influence has 
grown since AR4. It is extremely likely that human influence has been the dominant cause 
of the observed warming since the mid-20th century” [1].  
The increase in certainty that humans had caused dramatic changes in the world climate 
created increasing amounts of political pressure to form a binding international 
agreement on how to tackle climate change. Finally, in December 2015 the Paris 
Agreement was ratified by the United Nations, leading to a framework for combatting 
climate change. In the agreement the pledge to hold “the increase in global average 
temperature to well below 2°C above pre-industrial levels and pursuing efforts to limit the 
temperature increase to 1.5°C” will present an insurmountable challenge without the 
adoption of new technologies [2].  
Reduction in the levels of CO2 released into the atmosphere is essential to reduce the 
global rate of warming. In 2013, 32190 Mt of CO2 was released [3]. The reduction in the 
use of fossil fuels presents the most practical and rapid method to limit global 
temperature increases. The world energy system produced 13541 Mtoe of energy, of 
which 81.4 % came from fossil fuels in 2013 [3]. Replacing fossil fuels with renewable 
(carbon neutral) technologies is incredibly challenging, as no single existing technology 
can practically replace fossil fuels in every application.  
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1.1.1 Solar Fuels  
One type of technology, with perhaps the greatest potential to change the global energy 
system, is “artificial photosynthesis”. The production of a chemical fuel using the energy 
from sunlight is the foundation of most biological ecosystems. Harnessing a similar, albeit 
non-biological process to fabricate a storable chemical fuel, which at a later date can then 
be used to create electricity or heat, would provide an elegant solution to scalable grid 
storage and transportation needs [4]. 
Solar water splitting presents the most logical starting point in the fabrication of solar 
fuels. Hydrogen is possibly one of the most important chemicals produced today, as it is 
used in the processing of petroleum, manufacturing of ammonia, oil and fat 
hydrogenation and the processing of silicon chips [5]. Hydrogen is therefore used in 
virtually every aspect of modern life. In addition to its use as a chemical feedstock, 
hydrogen is also a fuel, which can be burnt in air to yield heat, or fed directly into a fuel 
cell to produce electricity. Currently 96 % of hydrogen is produced directly from fossil 
fuels [6]. Utilising solar water splitting to produce hydrogen without the emission of CO2 
or other petrochemical bi-products would be incredibly favourable. In doing so, a huge 
step would be made in decarbonising a large number of chemical and manufacturing 
processes, in addition to the production of a portable, carbon-free fuel.  
In general, there are broadly two techniques for non-biological solar water splitting, both 
of which utilise semiconductors as light harvesters. It is useful to form a loose distinction 
between the two techniques, as full scale devices would differ significantly depending on 
the technique being used.  
• Photocatalytic Water Splitting – A single semiconductor has band edges that sit 
either side of the two water splitting redox potentials, thus enabling it to break 
down water spontaneously upon illumination in an electrolyte solution.  
o Typically, this technique utilises wide band gap semiconductor particles in 
a reactor or slurry and a mixture of both oxygen and hydrogen is released 
from the same particles.  
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• Photoelectrochemical Water Splitting – two electrodes, which may or may not be 
semiconductors, form a potential difference under illumination, which when 
submerged in electrolyte is sufficient to split water. Hydrogen is evolved at the 
cathode whilst oxygen is evolved at the anode.  
o Typically, an n-type semiconductor would be utilised as the photoanode 
whilst a p-type semiconductor would be utilised as the photocathode 
allowing the oxygen and hydrogen gases to be collected separately.  
The above definitions however, are reasonably relaxed and there is extensive overlap. For 
example, the first report of photoelectrochemical water splitting, by Fujishima and Honda 
in 1972 [7], was for TiO2, a material whose band edges lie either side of the water splitting 
potentials and is therefore also a photocatalytic material. The critical requirement for 
photocatalysis is that the band gap is wide enough to sit over both the water oxidation 
potential and the proton reduction potential, which is often only fulfilled by wide band 
gap semiconductors, which only absorb a very small proportion of the visible solar 
spectrum.  
 
Figure 1.1 Volcano plot showing the theoretical solar-to-hydrogen efficiencies arising 
from variations of top (photoanode) and bottom (photocathode) semiconductor band 
gaps in a tandem PEC device. An optimum configuration is achieved in the red 
highlighted region. Figure reproduced from reference [8]. 
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Tandem photoelectrochemical water splitting utilises two photoelectrodes, a 
photoanode and a photocathode, both of which ideally have small band gaps. Smaller 
band gaps allow a greater proportion of the solar spectrum to be absorbed, thus 
increasing the efficiency of the devices. An additional advantage is that the hydrogen and 
oxygen are evolved at separate locations, which may make full scale devices safer and 
more practical to manipulate. Figure 1.1 demonstrates how the solar-to-hydrogen 
efficiency for a tandem PEC cell can be tuned by selecting two different band gaps for the 
top and bottom photoabsorbers respectively. The top photoabsorber is typically assigned 
to be the n-type photoanode whilst the bottom photoabsorber is often the p-type 
photocathode. As silicon has been widely studied as a photocathodic material, and with 
a band gap of 1.1 eV, photoanodes with band gaps in the 1.7 – 2.1 eV range are highly 
sought after to fulfil the most optimum configurations possible.  
 
Figure 1.2 A schematic for a photocatalytic water splitting system. Photocatalyst 
particles are suspended in plastic bags containing water. Water is broken down upon 
illumination of the bags and hydrogen and oxygen are formed on the particles, which 
bubbles away.  
Figure 1.2 and Figure 1.3 show schematics for how the photocatalytic and 
photoelectrochemical water splitting reactors would work, respectively. In general, 
photocatalytic reactors are regarded as being of a simpler design, albeit using immature 
and unproven technology. This could however, allow the production of very inexpensive 
hydrogen. Photoelectrochemical water splitting cells, conversely, are more complicated 
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in design and therefore have higher costs associated with them, but are more similar to 
traditional photovoltaic cells [8], [9]. In addition, the higher efficiency that is potentially 
achievable with a tandem photoelectrochemical cell makes them extremely desirable for 
use as renewable hydrogen production sources.  
 
Figure 1.3 Schematic describing the operation of a photoelectrochemical water splitting 
cell. Two photoelectrodes are used in tandem, a photoanode to produce oxygen and a 
photocathode to produce hydrogen respectively. The cell contains water and an 
electrolyte, to facilitate charge transport in the solution.  
An important point to note is that, whilst a tandem PEC cell requires 2 photoelectrodes, 
the vast majority of studies only utilise a single photoelectrode in experiments. During 
these experiments, an applied potential is used to facilitate water splitting between the 
single photoelectrode and a metal counter electrode. The applied potential is simply used 
for testing, and replicates the potential difference that is formed between two 
photoelectrodes under illumination. The use of an applied potential often allows one to 
gain insights into the properties of a single photoelectrode when studied in isolation that 
may not be achievable when it is placed in a tandem PEC cell. It is implicit in these studies, 
however, that the photoelectrodes under study are designed for use in a tandem 
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photoelectrochemical cell and that the operation under applied potential is analogous to 
the operation in such a cell. Therefore, these measurements are still often referred to as 
solar water splitting in the literature, even though an applied potential is being used. All 
of the photoelectrochemical measurements conducted within this thesis are carried out 
using a photoanode and an applied potential, but they will still often be referred to as 
solar water splitting, as is in keeping with the conventions in the literature.  
1.2 Hypotheses 
As the solar water splitting field is so diverse, 3 discrete research themes were chosen for 
study during this PhD. The following three hypotheses have been formulated for study 
herein.  
1.2.1 Pyrochlore Thin Films as Photoanodes 
Materials with a pyrochlore crystal structure have been relatively understudied for their 
photoelectrochemical properties compared to many other metal oxide systems. The 
pyrochlore crystal structure has been previously indicated to be relatively tolerant 
towards the incorporation of dopants, which presents an excellent opportunity to modify 
the electronic structure of the resulting material. It is therefore suggested that: 
• Is it possible to fabricate thin films with a pyrochlore crystal structure under mild 
conditions, such that the deposition can be carried out on glass substrates without 
deformation of the substrate?  
• Do the resulting pyrochlore photoelectrodes exhibit a greater tolerance towards 
the incorporation of dopants in the crystal structure? Addition of dopants should 
not yield any significant change in the crystal structure, but do they lead to 
alterations in the band structure and optoelectronic properties?  
• Does the addition of iron as a dopant into the pyrochlore crystal structure lead to 
a reduction in the band gap, through the addition of interband energy states as 
expected, and is that change directly proportional to the dopant concentration? 
• Does the resulting reduction in the band gap of the doped pyrochlore 
photoanodes lead to significant enhancements in the visible light absorbance and 
does the photocurrent generated match this response when under illumination?   
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1.2.2 Modifying the Surface Properties of Bismuth Vanadate 
Bismuth vanadate is a promising photoanodic material that has been widely studied in 
the solar water splitting community. The material is known to have poor electron 
transport properties, however, which can often be improved by the incorporation of 
oxygen vacancies. Careful manipulation of the size of nanoclusters, deposited onto the 
surface of BiVO4, may allow accurate control over the number of oxygen vacancies 
present, enhancing the properties. It is therefore suggested that: 
• Does the addition of pure titanium, which is known to be highly reactive towards 
oxygen, onto the surface of bismuth vanadate, lead to the creation of oxygen 
vacancies in the surface of the semiconductor?  
• Furthermore, if nanoscale clusters of Ti are used, then are the number of induced 
vacancies related to the size of the nanoclusters and the number of nanoclusters 
present on the surface (the density)? 
• Do the presence of oxygen vacancies within the bismuth vanadate surface lead to 
improvements in the electron transport, a quantifiable reduction in the rate of 
recombination and an enhancement in the corresponding photocurrent for the 
treated photoanodes, as it expected from similar literature reports?  
1.2.3 Tuning the Band Gap of III-Nitride Photoanodes 
A photoanode with a band gap approaching 2 eV is widely regarded as an optimal 
configuration for use in conjunction with a silicon photocathode, for highly efficient solar 
water splitting. The ability to tune a photoanodic semiconductor band gap to 2 eV, as well 
as other values, would therefore be ideal as it could be utilised with silicon or a number 
of other photocathodes. Modifying the composition of III-nitride alloys system presents 
the opportunity to tune a band gap within a theoretical range of 0.7 – 3.4 eV and is 
therefore extremely exciting for photoelectrochemical water splitting. It is suggested that:  
• Is it possible to fabricate III-nitride thin films by an aerosol assisted CVD technique, 
under moderate conditions on glass substrates, whereby the resulting film 
composition will be directly proportional to the relative flow rates of the precursor 
solutions? 
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• Furthermore, are the resulting thin films found to be primarily formed from an 
InxGa1-xN alloy phase, where x is directly proportional to the precursor flow rates, 
with little in the way of impurity phases present? 
• Do the optoelectronic properties of the resulting alloy phase vary directly with the 
stoichiometry, as suggested by the literature? 
• Do any thin films with greater light absorption have superior PEC properties and 
yield greater photocurrents for the water splitting reactions? 
• Finally, do modifications to the aerosol direction and the deposition parameters 
have a direct and quantifiable effect on the morphology of the resulting thin films, 
whilst maintaining the crystallinity and stoichiometry, such that optimisation for 
photoelectrochemical water splitting is possible? 
1.3 Theory 
1.3.1 Semiconductors   
The definition of a semiconductor is a material with a conductivity that increases with an 
increase in temperature. This is opposed to a metal, where the conductivity decreases 
with rising temperature [10]. One can more arbitrarily describe them as materials whose 
electrical properties are in between those of metals and insulators [11]. 
1.3.1.1 The Photovoltaic Effect 
The photovoltaic effect is closely linked to the photoelectric effect, which was first 
explained by Albert Einstein in 1905. Both processes describe the excitation of electrons 
in metals and semiconducting materials, caused by the absorption of photons. The 
photoelectric effect is typically used to denote where electrons are ejected from a 
material into a vacuum. Conversely the photovoltaic effect denotes processes where 
electrons are excited but remain within the material. The ability to absorb photons, 
generate charge and then facilitate the extraction of that charge is greatly dependant on 
the electronic structure of the material. The following sections outline the general theory 
of the electronic structure of semiconductors and light absorption.  
1.3.2 From Atomic Orbitals to Band Structure 
Unlike metals, semiconductors have discrete valence and conduction bands. When 
several atoms come together in a molecule, their atomic orbitals overlap to produce 
Chapter 1 - Introduction 
9 
 
molecular orbitals of differing energies. As more atoms are added to the structure, more 
atomic orbitals interact and overlap, producing an ever-increasing number of molecular 
orbitals, all with slightly different energies. When this effect is summed across an infinite 
crystal structure, the spacing between these energy levels becomes increasingly small. 
Equation 1.1 describes the energy level spacing, where δ is the energy level spacing, ∆𝐸𝛼  
is the average spacing of atomic energy levels and N is the number of atoms. 
Equation 1.1 Energy Level Spacing. 
𝛿 =
∆𝐸𝛼
𝑁
 
When more than several hundred atoms come together the energy level spacing becomes 
less than the value of kT, thus it becomes negligible. This gives rise to the finite bands of 
energy, the valence and conduction bands, as shown in Figure 1.4.  
 
Figure 1.4 The electronic band structure in a semiconductor at absolute zero (left) and 
at temperatures above absolute zero (right). Electrons can be excited into the 
conduction band by thermal energy, as such the resistance of a semiconductor 
decreases with increasing temperature.  
At T = 0 for an intrinsic semiconductor (see section 1.3.3), the valence band is full of 
electrons and the conduction band is completely empty. At T > 0K, thermal energy may 
allow some electrons to become excited into the conduction band, shown in Figure 1.4. 
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For metals, where the bands are in contact, conduction occurs readily. Electrons are 
mobile but densely packed within metals. Resistance increases with temperature because 
of an increased interaction between the electrons and atoms in the lattice. For 
semiconductors, a band gap exists between the top of the valence and the bottom of the 
conduction bands. As the temperature increases more electrons are able to pass over the 
band gap into the conduction band. Thus, conductivity increases with temperature for a 
semiconductor. Insulators are materials with very large band gaps, which often prevent 
many electrons from being promoted across the band gap, leading to minimal 
conductivity at room temperature. Materials with a very small band gap, typically <0.5 eV, 
are often referred to as semimetals [12]. 
1.3.2.1 The Fermi Level 
The Fermi level is an important concept in semiconductor physics. The Fermi level 
corresponds to the total chemical potential of electrons within the semiconductor. The 
chemical potential of electrons is the thermodynamic work necessary to add one electron 
to the system.  
If the Fermi level is considered to be a hypothetical energy level residing within the 
semiconductor band structure, then the Fermi-Dirac distribution can be solved to give the 
probability of an electron residing at this energy level. As the energy of an electron at the 
Fermi level equals the chemical potential of electrons, equation 1.2 can be solved at 
absolute zero to yield ½. Therefore, another definition for the Fermi level is that, at 
absolute zero, the probability of an electron occupying the Fermi level is 50% at any 
moment [13]. This means, for an intrinsic semiconductor at absolute zero, the Fermi level 
resides in the middle of the band gap.  
Equation 1.2 Fermi-Dirac Distribution. 
∫(𝜖) =
1
(𝑒
(𝜖−µ)
(𝑘𝑇) ) + 1
 
The Fermi level is a well-defined constant for different materials and assists in predicting 
behaviour in electrical circuits. The Fermi level is also important as it assists in describing 
the differences in the band structure between p-type and n-type semiconductors. 
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1.3.3 Intrinsic and Extrinsic Semiconductors 
Using the band structure from section 1.3.2 and the Fermi level from 1.3.2.1, one can 
readily describe the differences between Intrinsic, Compound and Extrinsic 
Semiconductors.  
Intrinsic semiconductors have equal numbers of electrons and holes, such that at T = 0 
the valence band is completely full of electrons. This means that the Fermi level for an 
intrinsic semiconductor lies at the centre of the band gap. Examples of intrinsic 
semiconductors are Si and Ge. Compound semiconductors are intrinsic semiconductors 
but made of more than one element. Examples of these include GaN and CdS. Extrinsic 
semiconductors have charge carriers present due to the replacement of some atoms from 
the bulk crystal lattice with dopant atoms. This can yield either P-type behaviour or N-
type behaviour.  
 
Figure 1.5 The electronic band structure of an N-type semiconductor (right) and a P-type 
semiconductor (left). Donor bands are present in the N-type semiconductors, shifting 
the Fermi level towards the conduction band, whilst acceptor bands are present in N-
type semiconductors, shifting the Fermi level towards the valence band.  
1.3.3.1 P-type Semiconductors 
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P-type behaviour occurs because of the introduction, by dopant atoms, of energy states 
into the band gap that lie very close to the valence band. The dopant atoms act as electron 
acceptors, leading to a higher concentration of holes than electrons in the semiconductor 
[11]. A band structure diagram is shown in Figure 1.5. In the case of a highly-doped P-type 
material, the Fermi level is often assumed to be at the top of the valence band.  
An example of P-type doping in an intrinsic semiconductor is the doping of Si with a group 
3 element, such as B. Here the boron has fewer electrons (3) than the silicon (4) which it 
replaces in the lattice. This allows an electron from a neighbouring silicon atom to be 
donated to it. This leaves a positive charge on the silicon, which is mobile throughout the 
lattice.  
Examples of p-type semiconductors that are typically used for photoelectrochemical 
water splitting include CuO, Cu2O, Si, InP and GaP [14]. 
1.3.3.2 N-type Semiconductors 
N-type behaviour is caused in a similar way to P-type behaviour. Here, the dopant atom 
has more electrons than the atom it replaces in the crystal lattice and is therefore known 
as a donor. The Pauli Exclusion Principle still applies; thus, the electron must be promoted 
into the conduction band. This is possible because the donor energy levels lie close to the 
conduction band.  
An example of N-type doping in an intrinsic semiconductor is Si with a group 5 element, 
such as phosphorous. Here phosphorous has more electrons (5) than Si (4), thus one must 
be promoted into the conduction band. The gap between the donor level and the 
conduction band is small enough that ambient conditions, i.e. room temperature, will be 
sufficient to allow the excitation. Figure 1.5  shows a schematic band diagram for an N-
type semiconductor. In the case of a highly-doped N-type semiconductor, the Fermi level 
is shifted higher and assumed to reside at the bottom of the conduction band.  
Examples of typical N-type semiconductors used for photoelectrochemical water splitting 
include α-Fe2O3, TiO2, WO3 and BiVO4 [14].  
1.3.4 Electronic Band Structure in Crystals 
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The band structures shown in Figure 1.5 are of course over simplified. In reality, the 
periodic nature of the infinitely repeating crystal lattice causes complex and 3-
dimensional band structures.  
The energy levels associated with an electron in an atom are found by solving the 
Schrödinger equation. In a crystal lattice the periodic nature of the crystal means that 
electrons have probability functions that are also periodic. The wavefunction that 
describes such situations is a Bloch wavefunction, as shown in Equation 1.3.  
Equation 1.3 Bloch Wavefunction. 
ψ(𝑘, 𝑟) = 𝑢𝑖𝑘(𝑟). 𝑒
𝑖𝑘.𝑟  
The Bloch wavefunction contains information from the periodic part of the lattice, 𝑢𝑖𝑘(𝑟), 
and also a plane wave. By including information from the periodic part of the crystal 
lattice, the orbitals also gain the crystal lattice symmetry.  
As the Bravais lattice is broken up into primitive unit cells, so too is the reciprocal lattice 
broken up into Brillouin Zones. The Brillouin Zone is the smallest unit cell of the crystal 
lattice in reciprocal space, K. The first Brillouin zone is defined as a set of points in 
reciprocal space that can be reached from the origin without crossing any Bragg plane. 
Solutions for all Bloch waves within the first Brillouin zone allow characterisation of the 
entire solid, by virtue of the periodicity. The real band structure varies with respect to the 
crystal momentum within the Brillouin zone. The minimum of the conduction band and 
the maximum of the valence band are defined by a certain crystal momentum in 
reciprocal space. A real band structure diagram is therefore described by plotting the 
energy, E, of the wave vector against the crystal momentum, |k|, for several important 
directions in the crystal structure over the Brillouin zone. An example of this type of band 
diagram is provided in Figure 1.6.  
1.3.4.1 Direct and Indirect Band Gaps 
Understanding the band structure with respect to the crystal momentum allows one to 
understand the difference between direct and indirect band gaps, which have important 
ramifications in light absorption.  
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A direct band gap, as shown in Figure 1.6, is caused when the valence band energy 
maximum and the conduction band energy minimum occur at the same |k| value. In this 
situation, a photon alone is sufficient to excite an electron from the valence band to the 
conduction band, creating an electron-hole pair.  
An indirect band gap occurs when the valence band energy maximum occurs at a different 
|k| value to the conduction band energy minimum. Momentum, as with energy, is always 
conserved and as photons cannot have crystal momentum, a photon alone is not 
sufficient to excite an electron into the conduction band. In this case, for an electron to 
be excited, a phonon, which does have momentum, is also required to facilitate the 
excitation. As the excitation process now requires two things, a photon and a phonon, the 
event has a much lower probability. A consequence of this is that indirect band gap 
materials often have much lower absorption coefficients, as a photon of appropriate 
energy will penetrate deeper before being absorbed.  
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Figure 1.6 Energy plotted vs prominent |k| space coordinates showing a direct 
transition, corresponding to a direct band gap (top) and an indirect transition, 
corresponding to an indirect band gap (bottom). The indirect transition requires a lattice 
vibration in addition to a photon to allow electron excitation.  
 
1.3.4.2 The Burstein-Moss Effect 
The Burstein-Moss effect is the apparent widening of the band gap of a semiconductor, 
caused by high levels of doping. As dopants change the concentration of electrons within 
a semiconductor, high concentrations can cause some electrons to populate states within 
the conduction band. The change in electron concentration causes the Fermi level to rise. 
When dopants are at sufficiently high levels, the carrier concentration is so high that the 
Fermi level lies above the conduction band edge. In this case, an electron can only be 
excited from the top of the valence band into an unoccupied state in the conduction band 
above the Fermi level. Thus, the energy gap that an electron must traverse in order to be 
excited, that is the apparent band gap, is seen to increase. In the UV-Visible absorbance 
spectra, the Burstein-Moss effect will be shown by a characteristic blue shift in the optical 
absorption edge towards the UV wavelengths.  
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Figure 1.7 The Burstein-Moss effect where the carrier concentration is so high that the 
Fermi level resides within the conduction band. This leads to further electron excitation 
requiring greater energy photons, which is observed as a blue shift in the apparent band 
gap.  
 
1.3.5 The Semiconductor-Liquid Interface 
When a semiconductor is placed in an electrolyte, equilibration occurs. This involves the 
movement of electrons between the semiconductor and the redox couple in solution. At 
equilibrium three layers are present: the space charge layer, the Helmholtz layer and the 
Gouy layer.  
The space charge layer is found within the semiconductor itself. As an N-type 
semiconductor has excess electrons, some of these diffuse into the solution during 
equilibration, leaving a region of positively charged ions. This region is known as a 
depletion layer. In a P-type semiconductor, where the semiconductor has excess holes, 
electrons diffuse into the semiconductor and accumulate at the surface in what is known 
as an accumulation layer. The presence of the depletion layer or the accumulation layer 
leads to local polarisation and band bending at the interface. This is discussed further in 
section 1.3.5.1.  
 
Chapter 1 - Introduction 
17 
 
Figure 1.8 Band edge energy positions for an n-type semiconductor upon submersion in 
an electrolyte but prior to equilibration. Ec and Ev correspond to the conduction and 
valence band potentials. Ef corresponds to the Fermi level whilst Esolution corresponds to 
the solution redox potential. Reproduced from reference [14]. 
The second layer is the Helmholtz layer, which comprises the inner and outer Helmholtz 
plane. The inner Helmholtz plane corresponds to specifically adsorbed ions, whilst the 
outer Helmholtz plane corresponds to a region of solvated ions that are associated with 
the surface and at their position of closest approach.  
The final layer is that of the Gouy-Chapman layer, which is a diffuse region where a higher 
concentration of one charged species exists compared to the species of opposite charge 
in the electrolyte solution. The concentration of the species present differs with the 
distance from the electrode surface.  
1.3.5.1 Band Bending 
The bending of the conduction and valence bands in the space charge layer is very 
important in photoelectrochemical reactions. Lewis et al. provide a useful diagram which 
assists in the explanation of band bending (see reproductions of these in Figure 1.9 and 
Figure 1.10) [14]. As mentioned above, equilibration occurs when a semiconductor is 
immersed in an electrolyte with a redox couple present. After equilibrium, which is 
achieved after electrons diffuse in and out of the semiconductor, the Fermi level is at the 
same level as the redox potential of the solution. 
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Figure 1.9 Band edge energy positions for an n-type semiconductor after equilibration 
in an electrolyte solution showing the band bending within the space charge region. Ec 
and Ev correspond to the conduction and valence band potentials. Ef corresponds to the 
Fermi level whilst Esolution corresponds to the solution redox potential. The band bending 
is caused by electrons diffusing out of the semiconductor into the solution, reproduced 
from reference [14].  
For a standard N-type semiconductor, after equilibration, the electric field strength within 
the bulk is decreased due to the flow of electrons out of the semiconductor into solution. 
The electric field strength remains the same at the interface, however, due to the double 
layer polarisation. The region where the bands rise sharply upwards is known as the 
depletion region which is a region of higher electric field strength.  
When illuminated, the number of free electrons and holes in the semiconductor increases, 
thus the bands rise in energy again. This reduces the bending, but it is still often present. 
The electric field present at the surface, due to the depletion region, is very efficient at 
separating photogenerated charges. If photogenerated charges are formed within the 
space charge layer, there is a greater probability of them being separated and less chance 
for recombination. Nanostructuring a thin film is a technique that aims to reduce the size 
of the surface features, such that they are on the same scale as the space charge layer. In 
doing so, a greater proportion of photogenerated charge carriers are formed in the space 
charge layer, leading to reduced recombination.  
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Figure 1.10 Band edge energy positions under illumination in an electrolyte solution. 
The conduction and valence bands shift upwards (in the case of an n-type 
semiconductor) due to the increasing charge carrier population. Ec and Ev correspond to 
the conduction and valence band potentials. Ef corresponds to the Fermi level whilst 
Esolution corresponds to the solution redox potential. This reduces the band bending. 
Reproduced from reference [14]. 
When a potential is applied to a semiconductor under illumination, it enhances the band 
bending, increasing the force separating the charges. This is why the photogenerated 
current is seen to increase with increasing applied potential for a single semiconductor 
being measured under solar simulation.  
1.3.5.2 Fermi Level Pinning 
Fermi level pinning is a common phenomenon that occurs in semiconductor 
photoelectrodes primarily due to the presence of surface states. Surface states are often 
poorly defined and may be higher oxidation states or defects within the surface that can 
become charged when the photoelectrode is placed in solution. The charging of the 
surface states essentially fixes the band bending within the space charge layer over a 
certain potential range. Thus, for a photoelectrode where the applied voltage is being 
varied, the band bending will stay constant over a particular region. The number of 
surface states and their relative energy levels affect the scale of the phenomenon [15].  
1.3.6 Water Splitting Kinetics 
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The processes that lead to the decomposition of water into oxygen and hydrogen are 
typically referred to as the Oxygen Evolution Reaction (OER) and the Hydrogen Evolution 
Reaction (HER), shown in Equation 1.4, respectively [14]. These processes occur in 
photoelectrochemical water splitting cells at the anode and cathode respectively. 
Equation 1.4 shows that the water oxidation process requires the use of four electrons 
(or holes as shown in the equation) and is generally regarded as the rate determining step.   
Equation 1.4 Water Splitting Reactions. 
2𝐻2𝑂 + 4(ℎ
+) → 𝑂2 +  4𝐻
+  [OER Reaction] 
2𝐻+  + 2𝑒−  →  𝐻2   [HER reaction] 
2𝐻2𝑂 →  𝑂2 + 2𝐻2    [Overall reaction] 
The requirement for four holes to be in the same location for the production of one 
molecule of oxygen is kinetically unfavourable. Improving the efficiency of the OER is one 
of the most challenging aspects of PEC water splitting.  
Photogenerated charge carriers, namely electrons and holes, can generally be assumed 
to undergo one of four processes: 
• Use in the water splitting reactions, either the OER at the anode or the HER at the 
cathode. 
• Annihilated in bulk recombination events. 
• Annihilated in space-charge layer recombination events. 
• Annihilated in surface recombination events. 
1.3.6.1 Photogenerated Charge Carrier Recombination 
The annihilation of photogenerated charge carriers in recombination events leads to a 
reduction in free charge carriers available for the water splitting reactions at the surface 
of the photoelectrodes, reducing the efficiency of the overall system. This efficiency is 
often known as the quantum efficiency (see section 2.6.3.2). Reducing the number of 
these recombination events, whether in the bulk or at the surface, is one of the key 
challenges in the photoelectrochemical water splitting field today. 
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Bulk recombination occurs in the bulk of the semiconductor, where polarisation is at a 
minimum. As the region is neutral, the charge carriers are not pulled apart forcefully, 
increasing the tendency to recombine. The greater the distance a photogenerated charge 
carrier must travel through the neutral region to reach extraction, the greater the 
probability of recombination. Clearly, decreasing the size of the neutral region will lead to 
a reduction in bulk recombination. This is known as nanostructuring and will be discussed 
in greater detail in section 1.4.2.2 [16].  
Recombination in the space-charge region is perhaps the most challenging to understand 
as it occurs in a region that is highly polarised, where the force separating the charges is 
high. Here, recombination is often assumed to occur through energy levels that sit within 
the band gap, which may be caused by impurities or dopants [17]. These energy levels 
facilitate recombination in the depletion (or accumulation) layers respectively. The effect 
of space charge layer recombination is to offset the potential at which photocurrent onset 
occurs, which should theoretically correspond to the flat band potential, thus reducing 
the working potential range of the semiconductor material.  
Recombination can also occur at the surface, in so called “surface states”. These surface 
states are dependent on the semiconductor system being studied and are often poorly 
defined, as intimate knowledge of the surface at a phase boundary isn’t typically known. 
These may be the same surface states that facilitate Fermi level pinning. In the case of 
water splitting, these surface states are expected to become traps for minority carriers, 
which then undergo recombination with majority carriers [18]. Some systems, such as 
hematite, have been much more thoroughly studied, see section 1.4.2.2 and 1.4.4.1, and 
a greater understanding of surface recombination has been developed.  
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Figure 1.11 A current-voltage plot that highlights the recombination processes at a 
photoanode that correspond to photogenerated holes recombining at the 
semiconductor-liquid interface upon illumination (red) and electrons recombining with 
accumulated holes at the termination of illumination (green). The black region between 
the two coloured areas denotes the region of equilibration between recombination and 
charge generation.  
In general recombination is characterised as sharp spikes appearing on transient 
photocurrent voltage plots, as shown in Figure 1.11. Transient photocurrent voltage plots 
are achieved by periodically interrupting the illumination and observing the photocurrent 
response. When a photoanode is illuminated, photogenerated holes move towards and 
accumulate at the semiconductor-liquid interface, which corresponds to the sharp 
increase in current as seen in the red section in Figure 1.11. Recombination of these 
photogenerated charge carriers then occurs leading to a decrease in the current to a 
steady state, which signifies the equilibrium between the photogeneration and the 
recombination, designated as the black part of the response between the red and green 
regions in Figure 1.11. Similarly recombination spikes occur when the illumination is 
terminated, which is caused by electrons diffusing back from the external circuit and 
recombining with the remaining accumulated holes [19].  
1.4 Literature Review 
1.4.1 Summary  
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Since the seminal work by Fujishima and Honda in 1972 on solar water splitting [7], the 
research field has blossomed to include hundreds of materials, surface treatments, 
catalysts and operational configurations. An example of the wide range of photoanode 
materials that are available, and their respective band gaps, is presented in Figure 1.12. 
To perform a literature review of the whole field would be hugely impractical for this 
thesis. The work contained within this thesis focusses on the fabrication of three specific 
types of materials: BiVO4, Pyrochlores and Nitrides. In addition to this, a novel surface 
treatment method for semiconductor photoelectrodes is introduced.  
 
Figure 1.12. Band gap energies of various semiconductor materials utilised for solar 
water splitting. Reproduced from reference [20]. 
As such, this literature review will cover the current trends on metal oxide photoanode 
materials, introduce nitride semiconductors as potential replacements for metal oxide 
semiconductors as well as a brief survey of potential surface treatments for enhancing 
various properties of semiconductor photoelectrodes.  
1.4.2 Metal Oxide Photoanode Materials for PEC Water Splitting 
Without doubt the most widely studied and expansive group of semiconductors that have 
been considered for PEC water splitting are the metal oxides. They are typically found to 
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be robust and inexpensive to produce, which makes them logical candidates for solar 
water splitting photoelectrodes. The stability and cost efficiency of metal oxides meets 
two very important criteria for suitable photoanodic materials in solar water splitting, see 
Figure 1.13 [21], which were outlined by McKone et al. in 2014.  
 
Figure 1.13 A Venn diagram outlining the requirements for materials in a viable water 
splitting device, as outlined by McKone et al. [21]. 
1.4.2.1 TiO2 
A discussion on materials for solar water splitting must invariably start with titanium 
dioxide. The initial semiconductor reported for photoelectrochemical water splitting, TiO2 
has received unrivalled attention from the community over the past 40 years. The band 
structure of anatase TiO2 is such that it straddles both of the water splitting potentials, 
which means the material is photocatalytic and can carry out unassisted water splitting 
[7]. Unfortunately, as the valence band is primarily formed from O2p orbitals which reside 
at quite a negative potential, approximately 3 V vs RHE, the corresponding band gap is 
too large to absorb the visible light spectrum [14]. As such, the material only absorbs 
approximately 4 % of the solar spectrum at sea level [22].  
Efforts to enhance the photoelectrochemical properties of TiO2 have persisted for years, 
with particular emphasis on band gap modification and sensitisation. Band gap reduction 
has been particularly successful for TiO2 through doping with various other metals and 
non-metals [23]–[27]. Some of the most impressive examples of band gap modification 
through doping have been achieved with carbon. Khan et al. successfully substituted 
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some lattice oxygen atoms with carbon, which led to a new band gap of 2.32 eV, a 
reduction of over 0.8 eV [28]. This tremendous band gap reduction led to an 8-fold 
increase in the photoconversion efficiency, which they found was stable for over six 
months. Similarly, Barborini et al. demonstrated that a simple thermal annealing step 
could be used to encourage carbon doping in their TiO2 thin films, which consequently led 
to a reduction in the band gap to 2.06 eV [29].  
Another dopant that has been used for band gap reduction is nitrogen. Varley et al. 
carried out simulations in 2011 to elucidate the mechanism through which N-doping 
affects the band gap of TiO2 [30]. They reported that nitrogen produces a sub-band gap 
impurity-to-band transition which lies within the visible energy range. Furthermore, they 
state that the nitrogen responsible for this impurity is a substitutional dopant and not 
interstitial nitrogen. This makes it less likely for the nitrogen dopants to leach out over 
time.  
Despite the successes achieved in the reduction of the band gap, in most cases it is 
preferable to utilise a material with a natively smaller band gap. In many cases, the high 
concentration of dopants required to facilitate meaningful reductions in the band gap can 
dramatically increase the number of impurities, lead to crystallographic deformation and 
increased recombination, which ultimately reduces the efficiency of the end material [31]. 
Thus, the increased light absorption achieved through doping is often offset with the 
poorer material properties, potentially leading to no significant improvement.  
Instead of doping TiO2, many groups have utilised sensitisation to enhance the visible light 
absorption. Sensitisation is a technique whereby a small band gap material is used to 
absorb the photons and generate charge, which is then transferred into the wide band 
gap material. Choice of materials is important here, as a cascade of energy levels is 
required to facilitate the transfer of photogenerated charges from sensitiser to the wide 
band gap semiconductor, as shown in Figure 1.14.  
Quantum dots, in particular CdS and CdS/CdSe, have been used extensively in the 
literature to enhance the visible light absorption of TiO2 [32]–[34]. Dyes, many of which 
are based on ruthenium, have also been extremely popular in sensitising TiO2 and 
encouraged the formation of the dye-sensitised solar cell field [22], [35].  
Chapter 1 - Introduction 
26 
 
Nevertheless, as with doping, sensitisation also has many pitfalls. The use of expensive 
dyes with poor stability and low efficiency makes fabrication and longevity of the 
sensitised metal oxides an issue [36]. Furthermore, the introduction of an interface, 
between the sensitiser and the metal oxide, provides a further opportunity for 
recombination of photogenerated charge carriers, reducing the overall electron transfer 
efficiency. Whilst the improvements gained in photocurrent output are beyond doubt for 
sensitised thin films, the practical use is low due to their poor stability.   
e  
Figure 1.14 A) Relative energy levels of TiO2, CdS and CdSe and B) layers arranged to 
show an ideal cascade of energy levels for the efficient transport of charges in a 
sensitised photoelectrode. Reproduced from reference [33]. 
TiO2 has been of great importance in the solar water splitting field, particularly 
photocatalysis, for over 40 years. Its practical application in a photoelectrochemical water 
splitting device is limited however, due to its wide band gap and ability to form both 
hydrogen and oxygen, which will require further separation and pose a safety risk when 
combined. The trends in materials development, therefore, have shifted away from wide 
band gap semiconductors like TiO2, to natively small band gap materials.  
1.4.2.2 Hematite 
Probably the most prominent example of a visible light absorbing metal oxide photoanode 
for PEC water splitting is hematite. One of the earliest and most promising binary metal 
oxide photoanodic materials, hematite has become a model semiconductor for use in 
solar water splitting. Binary metal oxides consist of 2 elements, one of which is always 
oxygen, and are therefore the simplest form of metal oxide. With a band gap of 2.1 eV 
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and band edges that fall just short of being able to split water unassisted, hematite is 
frequently used as an n-type photoanode in functioning tandem photoelectrochemical 
devices [37]. Utilising a material such as hematite could lead to a maximum theoretical 
efficiency of 12.9 % for water splitting [38], [39]. As hematite has great potential for use 
as a photoanode in a tandem PEC device, it has been extensively studied from a 
theoretical stand point over the years to understand its weaknesses and disadvantages 
and potential remediation. 
The production of nanostructured hematite by Kay et al., in 2006, led to a heightened 
interest in hematite as a photoanode. The researchers reported an impressive 42 % IPCE 
at 370 nm and a photocurrent of 2.2 mAcm-2 at 1.23 V vs RHE, which was the highest 
reported value at the time [16]. Hematite has a hole diffusion length of between 2 – 4 nm, 
which is incredibly small [40], [41]. As mentioned in section 1.3.5.1, nanostructuring is a 
technique that aims to decrease the feature size of the semiconductor below the minority 
carrier diffusion length. The decrease in feature size means a greater proportion of 
photogenerated charge carriers are formed within the space charge layer, which reduces 
the probability of recombination. Since the publication of this work, the photocurrent of 
hematite has constantly been pushed up. One of the highest reported photocurrents to 
date was reported by Kim et al. in 2013 [42]. The group fabricated single crystal hematite 
with a “wormlike” morphology which gave a reported photocurrent of 4.32 mAcm-2 at 
1.23 V vs RHE under AM 1.5 illumination, see Figure 1.15. Again, through the utilisation 
of a small nanostructure, which had feature sizes of around 30 nm, the efficiency of charge 
extraction could be increased. This extremely high photocurrent was also achieved with 
the deposition of a Co-Pi catalyst and with Pt doping. 
The photocurrent is essentially a measure of the amount of reaction occurring at the 
surface. As outlined in the theory section, the current is caused by electrons and holes 
reaching the surface and facilitating the water splitting reactions. Greater photocurrent 
density generally means more water splitting reactions occurring per unit area. Often 
catalysts are added to the surface of electrodes, as in the case of Kim et al., which assist 
in the water splitting reactions by offering an alternative electron transfer pathway which 
reduces the activation energy for the reactions to take place. Prominent catalysts will be 
discussed in brief in section 1.4.4.1.   
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Figure 1.15 A) Current-voltage curves for the wormlike hematite photoanodes which 
show improvements with catalyst deposition and Pt doping; B) IPCE and UV-Vis 
absorption of the Pt-doped wormlike hematite modified with Co-Pi catalysts. 
Reproduced from reference [42]. 
The kinetics of the water splitting reactions that occur on the surface of hematite have 
been extensively studied. One of the earliest examples of a kinetic study on hematite was 
conducted by Wijayantha et al. in 2011 [43]. Photoelectrochemical impedance 
spectroscopy was used to elucidate the kinetics of the electron transfer and 
recombination that occur at the surface of hematite photoelectrodes. This was achieved 
by use of a phenomenological model, in conjunction with a knowledge of PEIS theory. The 
authors outlined how the rate of charge transfer and rate of recombination could be 
calculated by knowing the double layer capacitance and series resistance when a two-
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semicircle response is recorded for the PEIS measurements of hematite. From the plot of 
kr vs applied potential, Figure 1.17, one can see that the rate constant for recombination 
increases and goes through a maximum before decreasing again. The authors suggest the 
most probable cause of this is Fermi level pinning, caused by a high density of surface 
states, which effectively fixes the amount of band bending over a range of applied 
potentials. Additional work by the authors, utilising Intensity Modulated Photocurrent 
Spectroscopy (IMPS), shows that cobalt treatment of hematite electrodes results in a 
reduction of the surface recombination during solar water splitting, which they suggest 
may be due to a partial passivation of these surface states [44].  
 
Figure 1.16 The phenomenological model utilised to understand the kinetics on 
hematite photoelectrodes by PEIS. The rate of recombination (kr) and rate of charge 
transfer (kt) are modelled in an electrochemical circuit to understand the reaction 
kinetics. Reproduced from reference [43] . 
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Figure 1.17 A plot of the rate constants for charge transfer (kt) and recombination (kr) 
with respect to the applied voltage. The kr can be seen passing through a maximum, 
prior to tailing off which indicates the presence of surface states and Fermi level pinning 
over the applied potential region.  Reproduced from reference [43]. 
Since then, further kinetic analysis has been carried out and provided a greater 
understanding on the processes occurring. Klahr et al. produced hematite electrodes by 
atomic layer deposition (ALD) and employed impedance spectroscopy to elucidate the 
mechanism of water splitting reactions [45]. Impedance data demonstrated the presence 
of a prominent surface state. Their data suggested that the hole-transfer step, prior to 
water oxidation, occurred via the trapped holes present in the surface state and not via 
valence band holes. Further work on surface states was conducted by Iandolo et al. in 
2014 using both DFT calculations and experimental results. Their work demonstrated that 
the surfaces of both OH-terminated and O-terminated hematite contained surface states, 
the roles of which changed with applied potential [46]. At low applied potential, the 
surface states on OH-terminated hematite acted as recombination centres whilst at 
higher potentials the surface states became more stable and facilitated the OER reaction. 
At very high applied potentials their work suggested that the hole-transfer reaction 
proceeded via a direct transfer from the valence band of hematite, rather than the surface 
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states. Work on understanding the surface features of hematite is essential in optimising 
the semiconductor/electrolyte interface for improved solar water splitting devices.  
In addition to investigations of surface states, recent developments have allowed 
researchers to investigate the effect of crystallographic orientation on photoactivity. Band 
edge engineering has been reported in several cases for hematite, where particular 
crystallographic planes are found to be more photoactive than others [47]. Recently 
Kment et al. have produced fully controllable-texture hematite thin films which exhibit 
exclusive crystal orientations, allowing them to probe the relative photoactivities of 
individual crystal orientations [48]. Results showed that films with a crystal orientation of 
(110) had photocurrent that was 10 times higher than films with the (104) orientation. 
The improved photoactivity was attributed to the favourable conductivity of electrons 
along the (110) crystal plane which is perpendicularly attached to the conducting oxide 
substrate.  
The exceptional understanding that has been achieved with hematite has been through 
decades of research. Despite the extensive literature and study, it is widely acknowledged 
that significant problems exist within the material. Hematite has poor visible light 
absorption, due to an indirect band gap transition, and poor carrier charge separation, 
due to the short minority diffusion length [49]. Efforts to minimise these issues are 
continuing, however some argue that an alternative material without these concerns 
would be better suited for scaled up applications in tandem PEC cells.  
1.4.2.3 Bismuth Vanadate 
Efforts to find photoanodic materials with superior properties to both hematite and TiO2 
led researchers to investigate ternary metal oxides. Ternary metal oxides are materials 
with 3 elements, one of which is always oxygen. One of the most prominent and widely 
studied ternary metal oxides is bismuth vanadate (BiVO4).  
Initially reported for its oxygen evolving capabilities in 1998 by Kudo et al. [50], BiVO4 is 
typically formed in either a monoclinic (scheelite-type) structure or a tetragonal (zircon-
type) structure when fabricated in the lab. In both cases, Bi ions are coordinated to eight 
O atoms whilst V ions are coordinated with four oxygen atoms. The key difference 
between the monoclinic and tetragonal structures can be found in the V-O bond lengths. 
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In tetragonal BiVO4 the four V-O bonds are all equal in length whereas in monoclinic 
polymorphs two different bond lengths are present. This structural distortion present in 
the monoclinic structure has been shown to lead to enhanced photocatalytic activity 
compared to tetragonal BiVO4 [51]. The enhanced activity was attributed, in part, to the 
difference in band structure. Tetragonal BiVO4 has a valence band composed of O2p 
orbitals. Transitions to the conduction band, comprised of empty V3d orbitals, from the 
valence band leads to a band gap of approximately 2.9 eV. Monoclinic BiVO4, on the other 
hand, has coupling between Bi6s and O2p orbitals which force the valence band upward, 
leading to a decrease in the band gap energy to 2.4 eV [52], [53]. This decreased band gap 
means increased visible light absorption.  
A wide variety of techniques have been reported for the production of BiVO4, the most 
common of which are based on solution phase methods [54]. Metal-organic 
decomposition techniques, such as the method reported by Galembeck and Alves, are 
typical for solution-based methods whereby individual bismuth and vanadium precursors 
are dissolved into a single solvent prior to being applied to the glass substrate [55]. The 
primary differentiator for solution phase methods is usually the final method of 
application of the precursor solution to the glass. Methods that include dip coating [55], 
roller painting [56], electrospray [57], spray pyrolysis [58], solution reaction [52], drop 
casting [59], spin coating [60] and aerosolising [61] have all been used. In almost all cases 
a subsequent heat treatment is then required to fabricate the desired BiVO4 phase, unless 
deposition was conducted onto a heated substrate as with the final example above. 
Alternative production methods that do not rely on the metal-organic decomposition 
method typically involve either electrochemical reactions [62] or physical vapour 
deposition, such as pulsed laser deposition [63].  
The performance of BiVO4 has varied dramatically over the last 15 years but key trends, 
such as nanostructuring, doping, photostability and limitations can be picked out for 
discussion. From the extensive literature on hematite, it is widely understood that porous 
photoelectrodes are typically much more favourable for water splitting compared to 
planar photoelectrodes. Building upon the knowledge gained from studies of hematite, 
the reported photocurrents of BiVO4 photoelectrodes rapidly increased after the initial 
reports, primarily through use of porous and nanostructured electrodes. Control over 
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deposition techniques has led to the production of a wide variety of BiVO4 morphologies. 
One example of a highly nanostructured BiVO4 thin film, produced back in 2010, was 
reported by Su et al. with the formation of pyramidal-shaped BiVO4 nanowire arrays, 
shown in Figure 1.18 [64]. The photocurrent produced by these photoelectrodes was 
reasonable at the time, with 0.25 mAcm-2 achieved for the 60 °C fabricated samples.  
 
Figure 1.18 Scanning electron microscope images of pyramidal BiVO4 nanowire samples 
deposited at (a) 40°C, (b) 60°C, (c) 80°C, (d) 95°C. The morphology can be seen to vary 
with temperature, but all samples have very high porosity. Figure reproduced from 
reference [64]. 
One of the biggest breakthroughs in the development of BiVO4 as a photoanode for solar 
water splitting was doping. Discovered by Ye et al. in 2010, the introduction of tungsten 
into the BiVO4 structure leads to a dramatic increase in the resulting photocurrent [65]. 
Films with 5 – 10% tungsten were found to exhibit a 4-fold increase in photocurrent 
compared to undoped BiVO4. These films were analysed by Mott-Schottky, which showed 
that the majority carrier concentration had doubled thanks to the addition of the tungsten.  
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Subsequent studies of BiVO4 doping led to the discovery of Mo as another transition metal 
dopant that successfully increased the photocurrent of BiVO4. Raman experiments 
conducted by Luo et al. showed that the Mo6+ ions were located at V5+ sites which 
correspondingly increased the carrier density [66]. Shortly afterwards the logical step of 
including Mo and W was achieved by Park et al.  who produced a 10-fold increase in 
photocurrent compared to standard undoped BiVO4 [67]. Similar work by Berglund in 
2012 demonstrated that a very high photocurrent could be achieved with specific 
percentages of Mo and W dopants, see Figure 1.19 [68].  
 
Figure 1.19 Chopped (dark and white light) linear sweep voltammograms of BiVO4 films 
with varying atomic percentages of Mo and W (relative to the total Bi, V, Mo, and W 
content) with front-side or back-side illumination as indicated. Measurements were 
conducted in (a) 0.1 M Na2SO4 and 0.1 M phosphate buffer solution (pH 6.8) or (b) 0.1 
M Na2SO3 and 0.1 M phosphate buffer (pH 6.8). Na2SO3 is a hole scavenger and 
therefore has much more rapid kinetics compared to water splitting. It is used to show 
the theoretical performance, without poor reaction kinetics. Figure reproduced from 
reference [68]. 
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At a similar time to the discoveries of doped BiVO4, other groups were investigating the 
formation of favourable heterojunctions on BiVO4 in the hope to produce enhanced 
devices. Heterojunctions can enhance band bending and facilitate improved charge 
extraction if ideally constructed. Su et al. reported the first example of the WO3 / BiVO4 
heterojunction and its favourable properties [69]. The heterojunction works because of 
the relative band positions of WO3 and BiVO4, such that electrons can readily cascade 
from the conduction band of BiVO4 into the conduction band of WO3 whilst holes can 
move from the valence band of WO3 to the valence band of BiVO4. Su et al. were able to 
fabricate WO3 nanorod array films, onto which BiVO4 was then deposited. The resultant 
films had a very high surface area, leading to an improvement in the IPCE response, from 
9.3 % for planar to 31 % for nanorod arrays at 420 nm.  
A further example of a clever use of heterojunctions was reported by Liang, also in 2011, 
who utilised a SnO2 interfacial layer beneath the BiVO4 as a “hole mirror” [58]. The SnO2 
is believed to prevent photogenerated holes from reaching a defect state, present on the 
FTO surface, and reflecting them back into the BiVO4 layer. Thus, the reflected holes do 
not undergo recombination at the FTO contact and a higher collection efficiency is 
achieved.  
 
Figure 1.20 Cross sectional scanning electron microscopy image of helical tungsten 
trioxide with tungsten / molybdenum-doped bismuth vanadate decorating the surface. 
Scale bar is 1 μm. Reproduced from reference [59]. 
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In 2014, Shi et al. combined the WO3 heterojunction with W, Mo doped BiVO4 to yield 
very high photocurrent values for BiVO4, 5.35 mAcm-2 at 1.23 V vs RHE [59]. The 
interesting helical structure was produced by spinning a substrate after e-beam coating 
in an Oblique Angle Deposition technique. This highlights the potential of bismuth 
vanadate when utilising these techniques to enhance its photoelectrochemical properties.  
Interestingly the highest ever photocurrent for bismuth vanadate was reported by Pihosh 
et al. in 2015 and in fact utilised undoped bismuth vanadate on WO3 nanorod arrays. The 
highest photocurrent of 6.72 mAcm-2 was achieved under 1 sun illumination in potassium 
phosphate buffer (pH = 7) utilising a cobalt phosphate catalyst [70]. Experiments were 
also conducted under 3 sun illumination, whereby a stable 18.17 mAcm-2 could be 
achieved.  
 
Figure 1.21 Current density over time of BiVO4 photoelectrodes (a) without and (b) with 
AgNO3 surface treatment. Reproduced from reference [71]. 
Despite high photocurrents and generally good chemical stability, the main draw back to 
the use of BiVO4 in photoelectrochemical water splitting devices is its photostability. 
Although widely reported, the exact nature of the poor photostability is not particularly 
well understood. Sayama et al. reported on the stability of BiVO4 in 2006 [71]. Their data 
showed a gradual photocurrent density decrease, from around 2 mAcm-2, to a stable value 
of approximately 0.5 mAcm-2, as shown in Figure 1.21. The researchers found that they 
could dramatically enhance the stability of the BiVO4 photoelectrodes by the application 
of a Ag+ treatment, but did not outline the mechanism by which this worked.  
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More substantive evidence for the cause of the photodegradation of BiVO4 was provided 
in 2011 by Berglund et al. [72]. In a similar study, they found the photocurrent of BiVO4 
decreased by approximately 70 % over the course of a day prior to reaching a stable 
photocurrent value. Some of the photocurrent decrease can be attributed to engineering 
issues, such as the accumulation and trapping of oxygen bubbles on the surface of the 
photoelectrode. Additionally, the formation of H+ from the continued oxidation of water 
leads to a decrease in pH, affecting the reaction rates. But the majority of photocurrent 
decay, however, was attributed to compositional changes. XPS analysis showed a loss of 
vanadium at the surface of the thin film. The V/B ratio dropped from 1.54 to 0.51 for the 
long-term PEC sample. Inductively – coupled plasma mass spectrometry (ICP – MS) was 
used on the electrolyte solution after long term PEC testing, whereby they found a 
vanadium concentration of 247 ppb. Critically, the electrolyte solution showed no V or Bi 
in blank tests nor did the Bi concentration increase during PEC testing. This indicates that 
for the V rich BiVO4, much of the photocurrent decay was caused by photocorrosion and 
dissolution of the vanadium into the electrolyte solution. It is noteworthy that a similar 
vanadium increase in the electrolyte could not be substantiated for the stoichiometric 
BiVO4 where all signals remained below the limit of detection.  
 
Figure 1.22 Current density vs time plots for N2-treated BiVO4 for sulfite oxidation (blue) 
and N2-treated BiVO4/ FeOOH/ NiOOH for water oxidation (red) at 0.6V vs RHE. 
Reproduced from reference [73].  
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Efforts to enhance the stability of BiVO4 have been greatly studied, despite a lack of 
complete understanding of the degradation mechanism. One of the most impressive 
enhancements in stability was reported by Kim et al. in 2015, shown in Figure 1.22 [73]. 
A simple, gentle N2 annealing step was used to incorporate N2 into oxygen sites on the 
BiVO4, altering the band gap and dramatically enhancing the stability. Photoelectrodes 
were stable for more than 30 hrs for water oxidation, prior to some degradation in the 
photocurrent. Additionally, sulfite oxidation, which is not hindered by slow kinetics so is 
generally used to show the optimal performance of photoelectrodes, was found to be 
stable for at least 50 hrs.   
Despite the continued study, stability remains an issue for BiVO4. Fifty hours may be 
impressive in a laboratory scale experiment, but it pales in comparison to the thousands 
of hours that would be required for practical use. Theoretical techno-economical analysis 
of tandem PEC cell plants require the facilities, and thus the PEC cells, are stable for up to 
20 years for practical costs of hydrogen production [8]. As such, further efforts must be 
made on the stability of this material and the overall efficiency. 
1.4.2.4 Pyrochlore Structured Metal Oxides as Novel Photoanodes 
As discussed at the beginning of section 1.4.2.3, efforts to find suitable photoanode 
materials, with appropriate band energies to facilitate enhanced solar water splitting, 
have led researchers towards the use of ternary metal oxides systems. A particular 
advantage of ternary metal oxide systems, over binary systems, is the greater variety of 
crystal structures that can be fabricated using similar elemental compositions. Some 
crystal structures may present different optoelectronic properties compared to others, 
presenting an extra level of freedom for manipulation in finding suitable photoanodes. 
Many common crystal structures, such as perovskites, spinels and delafossites have been 
extensively studied [74]. The pyrochlore crystal structure (A2B2O6O’ where O’ can be 
vacant forming defect pyrochlores), has been studied to a much lesser extent, even 
though it shows significant promise. The structure is predominantly cubic, ionic and able 
to withstand a wide variety of different vacancies and substitutions at the A and O sites, 
presenting a high level of flexibility for manipulating properties [75]. No single description 
adequately explains all of the possible structural characteristics that pyrochlores possess, 
however “two interpenetrating networks with no primary bonds between the two 
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networks” through BO6 octahedra and an A2O’ lattices provides a reasonable description 
[76].  Figure 1.23 shows the pyrochlore, A2B2O6O’, structure. The interactions with the 
A2O’ cuprite-type lattices are weak, thus the tendency to form vacancies, which may 
increase their activity as photocatalysts.  
 
Figure 1.23 The complete ideal pyrochlore structure (top); A2O’ tetrahedral subnetwork 
(centre); BO6 octahedral subnetwork (bottom). Image reproduced from reference [77].  
To demonstrate the superior properties of pyrochlores, Ishihahra et al. fabricated KTaO3 
and K2Ta2O6 in the perovskite and pyrochlore crystal structures respectively [78]. They 
found that the absorption onset edge was significantly different between the two 
materials, even though the elemental composition was the same. The band gaps were 
calculated to be 5.2 and 3.9 eV for K2Ta2O6 and KTaO3 respectively. Such a large difference 
is interesting and was assigned to the difference in geometric effects on the cation and 
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anion arrangements in the crystal lattice. Despite the wider band gap, the rate of 
hydrogen production was found to be an order of magnitude higher on the pyrochlore 
photocatalyst compared to the perovskite one. The authors suggested that due to the 
pyrochlore structure and in particular the distortion of the TaO6 octahedra, charge 
separation may be easier due to polarisation effects.  
The great flexibility presented with the pyrochlore structure was used by Zhu et al. to 
modify the band gap of K2Ta2O6 [79]. The group found that by nitrogen doping the K2Ta2O6 
material, to form K2Ta2O6-xNx, they were successfully able to reduce their band gap from 
4.43 eV to 2.25 eV. This significant band gap reduction with a small application of nitrogen 
was extremely impressive. Unfortunately, the researchers also observed a decrease in 
photoactivity, which they attributed to the formation of an oxygen vacancy which acted 
as a recombination centre for photogenerated electrons and holes for this particular 
material.  
Several groups have looked into the production of Bi2Ti2O7 and oxygen defective 
analogues. Kidchob et al. fabricated pyrochlore structured bismuth titanate films by a sol 
gel methodology in 2010 [80]. The interest in Bi2Ti2O7 specifically arises from the fact that 
the material is photocatalytic and potentially has better kinetic properties over TiO2. The 
group used BiCl3 to form a bismuth sol, whilst TiCl4 was used to form a titanium sol. The 
two were mixed in a Bi:Ti 25:75 ratio to obtain the precursor sol. After dip coating, the 
samples were heated in air at temperatures ranging from 600-900°C. It was found that at 
temperatures of 600 and 700°C, the cubic pyrochlore Bi2Ti2O7 phase is formed. At 
temperatures of 800 and 900°C, the monoclinic Bi2Ti4O11 phase is formed instead. 
Photocatalytic properties were evaluated using the degradation of methyl orange 
solution under UV illumination. The Bi2Ti2O7 samples were found to have a significantly 
higher photocatalytic activity compared to both the Bi2Ti4O11 and a reference sample of 
TiO2. Interestingly, the researchers calculated the band gap for their samples and gained 
a value of 3.75 eV, which is significantly higher than the 3.2 eV for TiO2 and also higher 
than many other literature reported observations of Bi2Ti2O7.  
The calculated band gap value for Bi2Ti2O7 is 2.89 eV [81] which is lower than the band 
gap of TiO2 (3.2 eV) allowing it to absorb more of the visible solar spectrum. Yao et al. 
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fabricated Bi2Ti2O7 by a chemical solution decomposition method and found their 
resultant material had a band gap of 2.95 eV [82].  
 
Figure 1.24 A) UV-Visible spectra for Bi2Ti2O7 and Mn: Bi2Ti2O7 for increasing wt% of Mn; 
B) Band gap variation with the addition of Mn into the Bi2Ti2O7 structure; C) hydrogen 
yield with respect to wt% addition of Mn. Image reproduced from reference [83]. 
Some researchers have gone further and shown that this band gap value can be further 
reduced by doping Bi2Ti2O7 crystals with various other transition metals. Gupta et al. 
found that the addition of Mn to Bi2Ti2O7 materials led to a red shift in absorbance onset 
of up to 230 nm [83]. The lowest band gap value obtained was found to be approximately 
2.1 eV for 3 wt% addition of Mn. Figure 1.24 shows the UV-Vis absorbance plot for 
different weight percent additions of Mn. Photocatalytic hydrogen generation was found 
to be highest with 1wt% addition of Mn, where 140 % increase in yield relative to the pure 
Bi2Ti2O7 was observed. Further addition was found to give less of an increase in hydrogen 
yield, although all concentrations still produced more hydrogen than the plain Bi2Ti2O7. 
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The authors suggested that the greater concentration of Mn led to an increase in the 
number of recombination centres, thus limiting further increases in hydrogen yield.  
Allured et al. carried out similar work where they studied the addition of iron into the 
Bi2Ti2O7 structure [84]. XRD analysis showed that no new phases were formed with the 
addition of small amounts of Fe to the crystal structure. When higher Fe loadings were 
used, i.e. 2 %, additional Fe2O3 reflections were observed. UV-Vis spectroscopy showed 
that pristine Bi2Ti2O7 had an absorption onset of approx. 440 nm, which was red shifted 
with the addition of iron. This red shift was found to correlate linearly with the increasing 
concentration of iron, leading to greater visible light absorption. Figure 1.25 shows the 
absorption onset progression with addition of iron to Bi2Ti2O7.  
 
Figure 1.25 UV-Visible absorption of Bi2Ti2O7 (a) and 1 – 3 % Fe: Bi2Ti2O7 (b, c, d, 
respectively). Image reproduced from reference [84].  
The hydrogen production of 1 % Fe:Bi2Ti2O7 was also studied, as this material did not show 
any Fe2O3 phases present in the XRD. It was found that although the initial rates of 
hydrogen production, for the first hour incubation period, were approximately the same 
as those for TiO2 (P25 powder) and pristine Bi2Ti2O7, the rate significantly increased 
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thereafter for both Bi2Ti2O7 and Fe:Bi2Ti2O7. The Fe:Bi2Ti2O7 was found to increase the 
hydrogen production rate by 75 % compared to pristine Bi2Ti2O7.  
Further reductions in the band gap towards more ideal values of 2 eV are generally seen 
as being essential for efficient operation of a photoelectrochemical cell. Pyrochlore 
materials, with their structural flexibility, may present the opportunity to achieve this 
without doping Bi2Ti2O7 structures. Rusina et al. studied Fe2Ti2O7 powders for the 
photocatalytic fixation of nitrogen to form ammonia [85]. The most interesting aspect of 
this work is the material Fe2Ti2O7, which has been rarely studied. The authors found the 
elemental ratio to be 1:1:3.5 for the Fe:Ti:O ratio by EDX analysis, suggesting the 
formation of Fe2Ti2O7, in addition to good agreement with the XRD spectra. Despite 
efforts to fabricate a phase pure compound, Fe2TiO5 pseudobrookite phases and anatase 
TiO2 were also found. Despite the lack of purity, the researchers measured a band gap of 
approximately 2 eV for the thin film. Now whilst the precise contributions to this thin film 
band gap value cannot be completely identified, due to the impurity phases present, it is 
likely that the Fe2Ti2O7 has a band gap very close to this value, as it is the majority crystal 
phase present. Further studies on the fabrication of a 2 eV band gap material, such as 
Fe2Ti2O7 would therefore be highly sought after in the community.  
With the increased trend towards ternary materials further investigation into the 
fabrication of pyrochlore materials, which have been greatly under-studied, is essential. 
With their flexible crystal structures and improving optoelectronic properties, pyrochlore 
based materials have a great opportunity to improve upon the traditional metal oxide 
materials like TiO2, Hematite and BiVO4.  
1.4.3 Nitride Semiconductors as Photoanodes for Solar Water Splitting 
Traditionally, metal oxide semiconductors have been favoured for solar water splitting 
due to their inherent stability in aqueous solutions and generally reasonable performance. 
III – V semiconductors, such as GaAs, have been widely studied for solar cell applications. 
In general, however, they have been found lacking in chemical stability, which is essential 
for a photoelectrode to be used in solar water splitting [86]. A great exception to this is 
found in III-nitride semiconductors. GaN, for example, is found to be highly stable in water, 
acids and bases [87]. Additionally, due to the more negative position of the N2p orbital 
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compared to the O2p orbital, nitride semiconductors typically have smaller band gaps 
which can be engineered to fall over the water splitting potentials and the entire solar 
spectrum [88].  
Indium nitride, gallium nitride and alloys in the form InxGa1-xN are extremely interesting 
for a great number of optoelectronic applications, including solar water splitting. InN has 
been reported to have a variable band gap, with values as low as 0.7 eV found in the 
literature [89]. Typically, the width of the band gap is found to increase to values often 
around 1.7 – 1.9 eV, which is often associated with a Burstein – Moss shift [90]. In fact, 
more recently it has been outlined that the Burstein – Moss shift cannot account for the 
whole band gap broadening and, in addition, non-stoichiometry effects lead to the 
widening of the band gap [91]. Regardless, the small size of the band gap is extremely 
favourable for use in optoelectronic devices. GaN, conversely, has a widely reported wide 
band gap, on the order of 3.4 eV, and has been used extensively in commercial LEDs [92]. 
Forming an alloy of InN and GaN, however, presents one with the opportunity to 
selectively tune the band gap to yield a favourable absorption of the solar spectrum and 
band edge positions. The level of control possible over such a wide band gap range by 
using InxGa1-xN is extremely rare in semiconductor science.  
Despite the promise of materials with highly controllable electronic structures, III-nitrides 
have been studied a lot less than oxide semiconductor analogues. The difficulty in the 
formation of good quality, high indium content nitride alloys, is perhaps one reason why 
the materials have received less attention. InN and GaN films have lattice constants that 
vary significantly from the majority of substrates that they are grown on, causing the 
resulting thin films to be crystallographically strained [93]. Additionally lattice constants 
differ between InN and GaN, thus films with high indium contents tend to deteriorate 
rapidly in crystalline quality [94]. In addition to the crystalline lattice constant mismatch, 
InN and GaN have a solid phase miscibility gap which hinders the growth of particular 
InxGa1-xN at high quality [95]. Indium tends to segregate out during crystal formation 
either at the surface, or in small clusters within the InxGa1-xN bulk crystal [94]. Although 
significant challenges remain in the formation of high quality nitride materials, a number 
of groups are now successfully developing working photoelectrodes with interesting and 
promising properties for solar water splitting.  
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1.4.3.1 Gallium Nitride  
Wide band gap semiconductors, such as GaN, with analogous properties to TiO2, present 
the opportunity to carry out photocatalytic water splitting. Although photocatalysis 
typically utilises powders, as it has no need for photoelectrodes, the materials used can 
often also be utilised as photoelectrodes in tandem PEC water splitting. As with other 
wide band gap semiconductors, GaN has been well studied for both photocatalytic and 
photoelectrochemical water splitting.  
Maeda et al. produced a solid solution of GaN and ZnO to use as a photocatalyst for solar 
water splitting in 2005 [96]. Interestingly they observed that a solid solution of the two 
wide band gap materials had a band gap smaller than those of pure GaN and ZnO 
individually. A band gap of 2.58 eV was recorded for a sample with 13 % Zn, compared to 
band gaps of 3.4 and 3.2 eV for GaN and ZnO, respectively. Figure 1.26 shows photographs 
of the as prepared powders. DFT analysis indicated that the solid solution conduction 
band was formed from Ga 4s and 4p orbitals whilst the valence band was formed from N2p 
and Zn3d orbitals. The group stipulated that p – d repulsion in the upper valence band 
resulted in the narrowing of the band gap. In fact, during photocatalytic activity 
measurements, the as-prepared solid solution was found to have negligible photocatalytic 
activity for water splitting. Addition of a RuO2 catalyst was required to facilitate H2 and O2 
gas production.  
 
Figure 1.26 Photographs of GaN, ZnO and (Ga1-xZnx)(N1-xOx) solid solutions. Figure 
reproduced from reference [97]. 
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Figure 1.27 a) The photocurrent density vs carrier concentration dependency for GaN 
photoelectrodes at VCE = 0.0 V in 1M HCl where closed circles are from measured data 
and open circles are from reference data to determine the repeatability; b) relationships 
calculated between photocurrent density and carrier concentration with and without 
recombination, in addition to the actual data (closed circles) and a composite of the 
recombination plus resistivity data.   Image reproduced from reference [98]. 
A more in-depth study of GaN by Ono et al. in 2007 showed that the carrier concentration 
in GaN layers was important for optimisation of the photocurrent produced at zero bias 
[98]. Working electrodes produced from Si-doped GaN layers on sapphire were produced 
by metal organic vapour-phase epitaxy (MOVPE) at 1025°C. Analysis of the photocurrent 
with respect to the carrier concentration was carried out. Figure 1.27 shows the large 
discrepancy in carrier concentration at the photocurrent maximum. Theoretical analysis 
of the photocurrent with and without recombination and system resistances allowed the 
authors to explain this phenomenon. Figure 1.27 also shows the results of their 
theoretical analysis. Calculations of photocurrent density with and without recombination 
show that although at high carrier concentration the data fits with the expected data, at 
low carrier concentration there is significant deviation. It is only when the authors 
considered the high resistivity, inherent in very thin semiconductor layers, that they were 
able to successfully model the behaviour. The photoelectrodes were also used to 
generate H2 gas in a PEC cell, with a Pt counter electrode at zero applied bias. They noted 
that the hydrogen produced at 0 V was approximately one third that produced at an 
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applied bias of Vce = 1.0 V, however the material was found to be completely stable in the 
HCl solution over the course of the measurements.  
High efficiency Si:GaN nanowire photoelectrodes were utilised for photoelectrochemical 
water splitting by AlOtaibi et al. in 2012 [99]. Their study focussed on the effect of n-type 
doping on the increased band bending at the surface to enhance the incident photon 
conversion efficiency (IPCE). An impressive photocurrent of approximately 7 mAcm-2 and 
12 % IPCE was achieved at 0 V vs Ag/AgCl for the Si:GaN nanowire photoelectrodes in 1M 
HBr electrolyte. Hydrogen measurements were also carried out and an average 
generation rate of 38 μmol.h-1 was achieved. They noticed that the current was virtually 
constant over the course of the reaction which indicates good corrosion resistance of the 
films.   
 
Figure 1.28 SEM top-down images of (a) reference GaN and (b) a co-catalyst deposited 
GaN, both after 5 hours of water splitting. The inset highlights a pit that has formed on 
the reference GaN. Scale bars are 3 μm in both images. Figure reproduced from 
reference [100].   
Kim et al. studied the stability of GaN photoelectrodes, in 2014, and found that the 
addition of a NiO co-catalyst was able to dramatically increase the long term stability [100]. 
Although chemically stable, it has been previously reported that accumulation of 
photogenerated holes at the GaN / electrolyte interface can sometimes lead to oxidation 
and subsequent etching of the semiconductor material. The authors found that a NiO 
catalyst layer, which acts as a hole transport layer due to its high hole mobility, was able 
to increase the photostability. Figure 1.28 shows SEM images for GaN and the NiO co-
catalyst coated GaN after 5hrs of activity. It can be observed that the plain GaN has 
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developed pits from photoetching, which are not present on the co-catalyst incorporated 
samples.  
The major drawback to GaN on its own is that it has a relatively large band gap, which 
limits the visible light absorption. As discussed previously, the advantage to the III-nitride 
system over metal oxides is the ability to alloy the materials, which in turn tunes the 
optoelectronic properties. This level of tuning is simply not possible for metal oxide 
analogues.  
1.4.3.2 InxGa1-xN Alloys 
Band engineering with III-nitride materials is in principle far simpler than many metal 
oxides. The ability to alloy the various III-nitride materials presents the opportunity to 
tune the band edges and band gap more than virtually any other material.  
Caccamo et al. band engineered epitaxial 3D GaN – InGaN core – shell rod arrays for use 
as advanced photoanodes in water splitting [101]. An array of GaN rods were fabricated 
on a pre-patterned SiOx-GaN on sapphire wafers by MOVPE, which were then coated with 
the InxGa1-xN layer. Cross sectional TEM showed that the GaN rods had not formed on the 
SiOx mask, but only on the underlying GaN substrate and that the single crystalline rods 
were in turn covered by an InGaN shell. The InxGa1-xN shell was analysed by electron 
energy loss spectroscopy (EELS), which estimated an indium composition of x = 0.3 ± 0.04 
and the UV-Vis absorbance showed a significant increase in the visible light absorption, 
compared to plain GaN. The increased light absorption meant that the photocurrent 
density of the InGaN-GaN core-shell rod arrays was 10 times higher than that of plane 
GaN rod arrays.  
In a similar piece of work Kibria et al. fabricated multiband InGaN / GaN nanowire 
heterostructures which they decorated with a rhodium / chromium oxide catalyst [102]. 
The researchers fabricated GaN nanowires from Si(111) templates using MBE, before 
incorporating InGaN quantum dots into the wire (Figure 1.29). The resulting structure had 
10 InGaN dots within the wire, which was then topped with the Rh/Co2O3 catalyst. The 
photoelectrodes were subsequently used for unassisted photocatalytic water splitting in 
the absence of any sacrificial agents. A H2 production rate of approximately 92 mmol.h-
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1.g-1 of photocatalyst was calculated, which was an order of magnitude lower when no 
Rh/Co2O3 catalyst was used.  
 
Figure 1.29 A) Schematic of the InGaN/GaN nanowire heterostructure; B) High Angle 
Annular Dark Field (HAADF) image in pseudocolour of the InGaN nanowire 
heterostructure showing the atomic number between InGaN (red) and GaN (green) 
layers. Image reproduced from reference [102]. 
Some groups have looked at using InxGa1-xN on its own, without a GaN support layer. Fujii 
et al., for example, reported the photoelectrochemical properties of InxGa1-xN 
photoelectrodes in 2005 [103]. In this study, InxGa1-xN photoanodes with various indium 
ratios were used as light absorbers and the hydrogen gas produced at the cathode during 
illumination was measured [103]. Only a small range of ratios were utilised for the study, 
all with low indium content. The In0.09Ga0.91N alloy was found to produce the highest 
photocurrent, whilst the In0.02Ga0.98N alloy produced the largest gas volume. Further 
explanation or detail for their findings was not given. Higher indium content alloys were 
utilised by Li et al. in 2008 during the fabrication of InxGa1-xN epilayers for PEC water 
splitting [104]. A layered structure, formed by a 0.2 μm thick layer of InxGa1-xN on top of 
a 1.5 μm thick GaN buffer layer on sapphire, was used in a photoelectrochemical reactor. 
Indium compositions of x = 0.2 and 0.4 were used whereby the higher indium content thin 
film showed dramatically better photocurrent in a photoelectrochemical cell. Figure 1.30 
highlights the dramatic improvement in photocurrent achieved at the higher indium 
composition. The authors attributed this improvement to the greater overlap of the 
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absorption spectra with the solar spectrum with increasing indium content, despite the 
poorer crystalline quality.  
 
Figure 1.30 Photocurrent density vs VCE (bias applied between working and counter 
electrodes) for InGaN photoelectrodes in 1M HCl under static conditions under white 
light illumination. Inset shows the emission spectra of the white light used. Image 
reproduced from reference [104]. 
Hwang et al. utilised 3D hierarchical nanostructures to create more advanced InGaN 
photoelectrodes [105]. Silicon wire arrays, as well as planar Si(111), were used as 
substrates for InGaN nanowire growth, as shown in Figure 1.31. The nanowires grown on 
the Si wire arrays were found to give over 5 times the photocurrent of those grown on 
planar silicon substrates. Furthermore, stability measurements conducted at a high light 
intensity (350 mW/cm2) for 15 hours showed that the photocurrent density was 
completely stable for the nanowire photoelectrodes and no photooxidation of the 
samples was observed. The quantum efficiency of the electrodes was characterised and 
found to be only 1.2 %. The authors systematically studied the potential causes for the 
low conversion and highlighted fast charge recombination as the most likely cause. The 
Chapter 1 - Introduction 
51 
 
authors suggested that the addition of an oxidation co-catalyst would help to significantly 
improve the performance of the electrodes by reducing the oxidation bottleneck.   
 
Figure 1.31 A series of 45° angled SEM images of Si/InxGa1-xN nanowire arrays (x = 0.08 
– 0.1) (a – c); A cross section of a fractured wire showing the hexahedral Si core with 
InxGa1-xN nanowires growing from it (d); top view and cross section of vertical InxGa1-xN 
nanowires grown on planar Si (111) substrate (e, f). Image reproduced from reference 
[105]. 
Additionally, Alvi et al. utilised higher indium compositions in an attempt to optimise the 
photoelectrochemical water splitting reaction on InGaN nanowall networks [106]. Thin 
films were fabricated with nanowall morphologies; 10 nm thick walls surrounding 50 – 
200 nm pores. The alloys used all had an indium composition of between 40 – 50 %. 
Nanowall thin films were found to give a high photocurrent and IPCE, 3.4 mAcm-2 and 16 % 
respectively, at 0V vs Ag/AgCl. Furthermore, this was found to be 70 % higher than with 
planar electrodes.  
All of these examples highlight the ease of fabricating highly nanostructured and 
hierarchical morphologies with the III-nitride materials. The advantage of utilising these 
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morphologies, in general, is that they provide far more surface area for the water splitting 
reactions at the semiconductor-electrolyte interface. The challenges that remain for these 
techniques are in the reduction of costs for these multi-step fabrication processes. 
Additionally, the practicality of fabricating these hierarchical structures at a scaled up 
industrial level has not been proven. Without a doubt, the distinct advantage of III-nitride 
materials is their exceptional flexibility in tuning the band edges to facilitate different 
levels of visible light absorption. This can be achieved far more readily than for metal 
oxide analogues. This flexibility is an incredibly attractive property for solar water splitting 
photoelectrodes and coupled with the materials’ high stability, means that they are 
promising for future PEC study.  
1.4.4 Surface Treatments of Semiconductor Photoelectrodes for 
Enhanced Solar Water Splitting 
Decades of research into photoelectrode design for solar water splitting has highlighted 
the essential nature of catalysts and surface treatments for efficient performance of 
photoelectrochemical water splitting cells [107]. As with the solar water splitting field in 
general, the sub-field of surface treatments for water splitting covers a vast range of 
catalysts and protection methods that would simply be too great to outline here. The 
following sections will provide an outline of the most prominent features and trends in 
the field, to provide further context to the work within this thesis, particularly that in 
section 1.4.4.3.  
1.4.4.1 Water Oxidation Catalysts 
As discussed in section 1.3.6, the water oxidation reaction is plagued by slow kinetics, 
primarily driven by the necessity for four holes to be in close proximity for the reaction to 
proceed, creating a kinetic bottleneck. Catalytically enhancing photoelectrodes to 
increase the reaction rate will be essential for scale up and industrial use of solar water 
splitting. After decades of research, a vast number of materials have been shown to have 
catalytic activity for water oxidation. Traditionally the most popular catalytic materials 
have been based upon noble metals [108]. RuO2 is generally regarded as being the most 
catalytically active material for water oxidation. A great number of research groups have 
investigated its catalytic properties [109], [110]. Teramura et al. studied the effect of 
various loading amounts of RuO2 nanoparticles on the surface of (Ga1-xZnx)(N1-xOx) alloy 
Chapter 1 - Introduction 
53 
 
materials [111]. Their results showed that a 5.0 wt% loading of RuO2 catalyst, prepared 
from a Ru3(CO)12 precursor annealed at 623 K, was found to give the highest initial rate of 
gas evolution, equalling approximately 320 μmol.h-1. Ruthenium is also the metallic centre 
used in many wide band gap dye sensitisers. This is the basis for dye sensitised solar cells 
and also dye sensitised water splitting cells, as studied by Youngblood et al. [36].  
Unfortunately, ruthenium is an extremely expensive and relatively rare element and as 
such, large scale utilisation of ruthenium based catalysts for commercialised solar water 
splitting is not practical. Many researchers have investigated alternative, non-precious 
metal based catalysts for catalysing the water oxidation reaction. Trasatti produced a plot 
showing the oxygen overpotential on various metals as a function of the calculated M-OH 
bond strength in 1980, Figure 1.32 [112]. This highlights that after Ru, several transition 
metals provide a low overpotential and are therefore promising for water oxidation. More 
recently McCrory et al. compiled a list of a large number of catalytic materials, primarily 
focussing on transition metals and their alloys for benchmarking in 2015 [113]. This work 
highlights that many of the Ni and Co materials provide a reasonably good overpotential 
for the water oxidation reaction.  
 
Figure 1.32 Oxygen overpotential at 1 mAcm-2 on different metals as a function of 
calculated M-OH bond strength; reproduced from reference [112]. 
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Figure 1.33 Overpotential required to achieve 10 mAcm-2 per geometric area at time t = 
0 vs the overpotential required to achieve 10 mAcm-2 per geometric area at time t = 2hrs. 
A stable catalyst response lies on the dotted line. The colour of the points represents 
the relative roughness factor. Reproduced from reference [113]. 
Fominykh et al. studied the electrocatalytic behaviour of NiO nanoparticles in 2014 [114]. 
Very small nanoparticles from 2.5 to 5 nm were fabricated by a solvothermal method in 
tert-butanol and were found to be highly catalytically active for water oxidation. NiO 
nanoparticles of 3.3 nm were found to have extremely high turnover rates, potentially 
higher than those for iridium oxide catalysts, which are well known for high activity. An 
overpotential of 300 mV was achieved for electrochemical water oxidation, which is close 
to that of Ru catalysts.   
Alloys of transitions metals have also been found to be active for water oxidation catalysis. 
Morales-Guio studied an iron nickel oxide electrocatalyst for solar water splitting [115]. 
The best comparison for activity of electrocatalysts is provided by the turnover frequency, 
which in this case is the activity averaged over the number of moles of active metal ions. 
Turnover frequencies of 1.1 and 0.17 s-1 were achieved at an overpotential of 0.35 V for 
FeNiOx and NiOx respectively. This shows that the turnover frequency is higher for FeNiOx, 
compared to NiOx. The turnover frequency is actually better than IrOx, thus it is more 
catalytically active under these conditions. When deposited on hematite photoelectrodes, 
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the FeNiOx catalyst proved to have the greatest photocurrent onset shift of all catalysts 
studied in the work.   
One of the most popular catalysts for the OER to be developed over the last 10 years is 
cobalt phosphate. In 2008 Kanan and Nocera reported the formation of a cobalt 
phosphate (CoPi) based catalyst that operates in neutral, ambient conditions [116]. They 
found that electrolysis of a cobalt nitrate solution in potassium phosphate (KPi) pH 7.0 
buffer led to the in situ formation of a catalytic layer. Despite the amorphicity of the film, 
elemental analysis techniques showed that the film was cobalt rich and that phosphate 
was present, leading to the conclusion that a cobalt oxide layer with substantial 
incorporation of phosphate anions in a 2:1:1 Co:P:K ratio was present. In addition to the 
high activity reported, the authors emphasised the potential advantages of in situ 
formation of potentially self-healing catalysts, such as the cobalt phosphate based 
catalyst. As Co2+ is relatively soluble and Co3+ is relatively insoluble, the continual redox 
cycling between Co2+ and Co3+, and potentially Co4+, leads to the continual dissolution and 
re-deposition of the catalytic material, if placed in an appropriate electrolyte, such as 
potassium phosphate.  
Subsequent work by Surendranath et al. showed that similar catalytic films could be 
produced from Co2+ solutions in phosphate, methyl phosphonate and borate electrolytes 
[117]. In addition, the authors reported the importance of the electrolyte solution on the 
longevity of the catalyst. Co2+ electrodeposition in sulfate, for example, produced 
catalysts which gave approximately 1 tenth of the photocurrent during water electrolysis 
and also degraded over the course of an hour. Conversely, the Co-Pi catalysts in potassium 
phosphate were stable for well over 1 hour. The authors also demonstrated the ability to 
operate the Co-Pi catalysts in solutions containing salt water. Co-Pi films were placed in 
phosphate electrolyte with 0.5M NaCl added to it. The resulting current densities were 
comparable to the films in pure phosphate electrolyte and additionally EDX analysis of the 
films showed minimal incorporation of Cl-, but a substantial incorporation of Na+.  
Extensive literature now exists on the kinetics and mechanisms involved in OER at the Co-
Pi surface. Competing propositions as to the role Co-Pi plays have been highlighted at 
length in the literature [118]–[120]. Put simply, research by Barroso et al. suggested that 
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Co-Pi was not, in fact, acting as an electrocatalyst, as no hole transfer was detected 
between hematite electrode substrates and the Co-Pi layers and that rather the Co-Pi was 
acting as a trap for electrons, increasing the band bending at the interface and enhancing 
charge separation, reducing recombination [119]. Conversely, Klahr et al. showed at a 
similar time that the band bending in hematite was virtually independent of Co-Pi 
deposition and they determined, through PEIS analysis, that photogenerated holes were 
accumulating within the Co-Pi layer, leading to water oxidation within the layer when 
sufficient Co4+ was formed [120]. Important differences existed between the two studied, 
primarily in the morphology of the thin films, which may have led to the different findings.  
In 2015, work by Carroll et al. provided a detailed explanation for the divergent findings 
[121]. The authors used galvanostatic pH titrations to determine the mechanism on both 
planar and mesostructured hematite photoelectrodes coated with Co-Pi layers. Their 
work suggests that the interaction between Co-Pi and hematite is different on 
mesostructured photoelectrodes compared to planar electrodes.  
On planar photoelectrodes, a Schottky junction is formed between the Co-Pi and hematite, 
which alters the open circuit voltage and the Fermi-level splitting upon oxidation of the 
Co-Pi. The photogenerated holes are found to become trapped in the Co-Pi, which 
increases the electron-hole separation and reduces the recombination in the hematite 
film. This leads to a thickness dependent improvement, whereby the thicker the Co-Pi 
layer, the greater the enhancement of the photoelectrochemical properties.  
Mesostructured thin films, however, do not show the same thickness dependent 
enhancement. Mesostructuring is essentially the same as nanostructuring, i.e. increasing 
the surface area by increasing porosity, albeit with features sizes that are on a slightly 
larger scale, perhaps up to microns in diameter. The presence of an optimum thickness 
for OER catalysis on mesoporous hematite exists because of increased recombination 
between conduction band electrons and the holes residing in the Co-Pi. Mesostructuring 
increases the surface area thereby decreasing the path length for photogenerated charge 
carriers to get to the surface. However, because of the greater amount of surface, the 
distance that photogenerated charge carriers must travel when adjacent to the surface is 
greater in mesostructured films compared to planar films. Thus, the likelihood for 
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recombination between electrons in the hematite and holes trapped in the Co-Pi layer 
increases with the time electrons are near the interface. Furthermore, data shows that 
for mesostructured hematite photoelectrodes with an optimised thickness of Co-Pi on the 
surface, water oxidation occurs via Co-Pi at low potentials but directly by the hematite 
surface at high potentials. Figure 1.34 shows a schematic comparing the scenarios for 
planar and mesostructured photoelectrodes with the Co-Pi present, produced by Carroll 
et al. [121] 
 
Figure 1.34 a) Schematic comparing the processes involved in recombination at planar 
and mesostructured photoelectrodes with Co-Pi layers on the surface; b) example JV 
curves for thick and thin Co-Pi layers on mesostructured hematite. Reproduced from 
reference [121]. 
1.4.4.2 Protection techniques 
Some semiconductors, despite having ideal band gaps and favourable kinetics, are 
difficult to use in practical PEC water splitting devices due to degradation. Photocorrosion, 
whereby degradation proceeds under illumination, is a particular challenge for copper 
based semiconductors and bismuth vanadate. Copper oxides typically degrade quickly 
when used as photocathodes, as the reduction potential for copper oxides to copper 
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metal lie within the water splitting potentials [122]. Bismuth vanadate, as discussed in 
section 1.4.2.3, undergoes compositional changes which degrade the photocurrent. As 
these materials have many favourable properties, methods to enhance the stability have 
been greatly investigated. Amorphous thin coatings of wide band gap semiconductors 
have been shown on many occasions to enhance the stability of a wide range of materials 
[123]–[125].  
In 2011, Paracchino et al. demonstrated that highly photoactive Cu2O thin films could be 
fabricated with far higher stability than anything achieved before [126]. In this case, the 
authors coated the cuprous oxide thin films with atomically thin protective layers to 
prevent the degradation reactions from occurring. The protecting layers were deposited 
by ALD and carefully chosen to allow electrons to flow through the material into the 
electrolyte solution. Cu2O grains were coated with 5 x (4 nm ZnO / 0.17 nm Al2O3) followed 
by 11 nm of TiO2. Pt nanoparticles were then deposited on the surface to aid in catalysis. 
The resulting cuprous oxide photocathodes had 78 % of their initial photocurrent after 20 
minutes, compared to zero photocurrent when no protecting layers were present. 
Furthermore, the photocurrent was more than double for the protected films compared 
to the bare cuprous oxide electrodes.  
Similar protecting methods have been used on BiVO4 photoelectrodes which also 
undergoes photocorrosion, as discussed in section 1.4.2.3. ALD cobalt oxide layers have 
been shown to provide a relative increase in stability over a short length of time compared 
to bare BiVO4 [127]. More significant improvements in BiVO4 stability have been achieved 
with the ALD of amorphous TiO2 layers and subsequent sputtering of Ni electrocatalysts 
[128]. Figure 1.35 shows the enhancement in stability over two hours compared to bare 
BiVO4. Continued measurements showed that photocurrent was stable for over three 
hours. The authors studied the XPS of measured samples and found that it was likely that 
the TiO2 acted as a physical barrier between the BiVO4 and the solution, enhancing the 
stability, whilst the Ni acted as an electrocatalyst to promote the water oxidation relative 
to photocorrosion.  
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Figure 1.35 Measured photocurrent at a fixed 1.23V applied potential (vs RHE) for 
protected (black) and bare (red) BiVO4 thin films. Reproduced from reference [128].  
1.4.4.3 Nanoscale Clusters 
The use of nanotechnology in catalysis and photoelectrochemistry is not new. For decades, 
it has been known that using high surface area nanoparticles in catalysis can yield huge 
increases in catalytic output. In the case of photoelectrodes, nano and mesostructuring 
have been shown to reduce recombination by reducing the path length of a 
photogenerated charge carrier to the semiconductor/liquid interface [16]. New methods 
for fabricating nanostructures with greater control on their morphology, size, density and 
electronic properties are becoming increasingly popular [129].  
Perhaps the greatest control over properties can be achieved then by manipulation of the 
very atoms that form a structure. Aggregates of a small numbers of atoms, ‘small’ being 
a relative term that in this case means less than 1 million or so, will condense to form 
nanoscale clusters with sizes in the 1 – 10 nm range. Control over the number of atoms in 
a cluster, either during the fabrication process or by the selection of appropriate mass 
clusters post-fabrication, allows one to have specific size building blocks that can yield 
different properties from both the atoms and bulk materials. Some elements form what 
are known as “magic number” clusters. This is where a certain number of atoms 
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aggregating together form a more stable arrangement than other numbers of atoms can, 
demonstrating at a fundamental level, that nanoscale clusters have different properties 
to the atoms that they are made from  [130]. The electronic energy levels present in 
clusters are more complex than of the parent atoms; as the individual orbitals overlap 
they form bands, the properties of which are determined by the size, composition and 
also the symmetry of the cluster itself [131]. However, the complete band structure of 
the bulk material may not have completely formed, due to the lower number of atoms in 
the cluster. Thus, in some cases, nanoscale cluster could be thought of as “superatoms”. 
In the same way that atoms have electronic shells that fill up to form more stable atoms, 
the noble gases, the jellium model predicts that clusters can have electronic shells that fill 
up to produce a magic number clusters [132]. The jellium model, although a good 
indicator for cluster properties, works primarily for metals with delocalised valence 
electrons [133].  
Nanoclusters can be fabricated in a variety of ways using different types of “cluster 
source”. Seeded supersonic nozzle sources are used to form very high fluxes of typically 
alkali metal clusters. An oven containing molten metal is heated sufficiently to allow metal 
vapour to form and is mixed with a ‘seeding’ rare gas, typically at several atmospheres of 
pressure. This mixture is allowed to expand through a nozzle into a vacuum, whereby a 
rapid cooling process condenses the metal vapour into clusters. The growth of clusters 
continues until the density of metal vapour is sufficiently low, which typically happens at 
several nozzle diameters from the aperture. Clusters produced are usually quite small, 
with an upper size production of about several thousand atoms possible [134].  
Gas aggregation cluster sources are more flexible than the seeded supersonic nozzle 
sources. Here a supersaturated vapour is formed, either by a heated crucible or a 
magnetron, which is then ejected through a small nozzle into a vacuum. The use of a 
magnetron gives distinct advantages, such as the ability to form a vapour of a large 
number of materials and a higher flux can typically be achieved. Additionally, magnetrons 
allow the formation of charged clusters, which greatly aids in the mass selection process, 
as discussed shortly. The condensation region typically has a rare gas added to aid with 
the cluster formation. The condensation region typically then exits into a higher vacuum 
region, through an aperture, forming a discrete cluster beam [129].   
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Laser evaporation cluster sources are similar to gas aggregation cluster sources but 
vaporise material using pulses from a Nd-YAG laser. The processes involved are extremely 
similar to those in the supersonic nozzle source, whereby the cluster formation process 
occurs very close to the nozzle aperture, albeit the cluster production occurs in pulses 
rather than in a continuous stream [135].  
After the formation of clusters, which typically involves some parameters that can change 
the Gaussian distribution of cluster sizes, a mass filter is then often used to facilitate the 
accurate selection of specifically sized clusters. Mass filtering of clusters almost always 
requires clusters to be charged, which may be achieved in the formation process using an 
ionising source, or by a secondary ionisation stage.  
Perhaps the simplest mass filter uses a radio frequency (RF) quadrupole. This comprises 
two sets of poles; one set has a time-dependent potential applied to them, whilst the 
other has the inverse of this potential applied. A stable trajectory is dependent on the 
mass of the particle and the applied potentials. Resolutions are dependent on the velocity 
of particles, the accuracy with which the clusters entered the filter and the alignment of 
the rods. The quadrupole operates over a limited mass range, whereby the resolution is 
degraded significantly when attempting to achieve higher masses; furthermore the 
operation is very dependent on the power sources and electronics available [129], [135].   
Time-of-flight (TOF) mass filters offer potentially infinite mass ranges and work by 
accelerating particles with a known initial velocity into a field-free drift zone, which allows 
the charged species to separate depending on their mass. Increases in resolution can be 
achieved by using a reflector, to double the path length of the charged species, but also 
increases the time between acceleration and detection. The practical use of standard TOF 
apparatus as mass filters is limited, however, because their operation is quite slow. 
Additionally, as the clusters are accelerated linearly, the impact energy of the clusters 
from an exit aperture would be much higher than is usually desired [136].  
Issendorff and Palmer designed a new type of TOF mass filter in 1999, that allowed high 
resolution filtering with increased transmission of clusters with no change to the impact 
energies of the clusters. This is achieved by displacement of the cluster beam laterally, 
using a high voltage pulse, into a field free region to allow separation. A second pulse is 
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then applied to remove the lateral velocity and allow specific mass clusters to continue to 
an exit aperture [136]. Further detail and description of this mass filter is given in the 
experimental techniques, chapter 2.5.  
 
Figure 1.36 A virtual sample set of relaxed gold nanocluster structures of different sizes 
and shapes. Labels highlight the number of Au atoms present in the clusters above. 
Reproduced from reference [137]. 
Accurate control over the size of nanoclusters is essential, as a range of geometric 
structures are achievable for different cluster sizes. Different geometric structures expose 
different crystal faces, which have potentially different chemical reactivity [138]. 
Exploring the different structures possible by the addition of only a few atoms is an 
incredibly powerful tool in catalysis.  
For many nanoscale clusters, more than one structure is also possible. Control over the 
formation parameters may allow one to probe the variation between the cluster 
structures. Plant et al. showed that by systematic variation of the gas-phase formation 
parameters, the crystallographic structure of the resulting Au923 could be changed [139]. 
Figure 1.37 shows the different structures exhibited for the Au923 cluster and the relative 
populations of the structures under modified magnetron powers. It is clearly observed 
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that the abundance of icosahedral structures increases with magnetron power with a 
simultaneous reduction in the decahedral structure. Face-centred cubic (FCC) and 
amorphous or unassigned structures stayed approximately the same at around 23-29 %.  
 
Figure 1.37 Models for the icosahedral (a), face-centred cubic (b) and Ino-decahedral (c) 
Au923 clusters; HAADF-STEM images for the icosahedral (d), face-centred cubic (e) and 
decahedron (f) Au923 clusters; a plot of relative abundances for FCC, Dh and Ih vs 
magnetron power (h); the compositions of the initial and final populations (i). 
Reproduced from reference  [139].   
Systematic manipulation of the condensation length also showed changes in the 
abundance of the various structures. The authors outlined that the key parameter was 
the growth time, allowing different reaction kinetics to proceed. Increasing the 
condensation length decreased the density of the atomic vapour and increased the mean 
free path to the exit aperture. The longer the mean free path, the more the clusters were 
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able to move to a kinetic equilibrium, which has been shown to be a decahedral structure 
or FCC.  
Control of the structure of materials, in the way just described, can add an extra layer of 
control in the optimisation of efficient catalysts for various applications. It has been 
shown previously that hematite, for example, has preferential orientation on the 110 
crystal plane that allows enhanced charge transport properties [140]. Similarly, work by 
Perez-Alonso et al. has shown that the catalytic activity for Pt nanoparticles for the oxygen 
reduction reaction is roughly proportional to the number of terrace sites present on the 
nanoparticles [141]. The number of terrace sites can be increased by using Pt (331) 
surfaces as opposed to the Pt (111) surfaces, which bind more strongly to the O-
containing species.  
In addition to the control over size, density and structure, nanoscale clusters can also be 
formed from multicomponent systems, rather than just pure metals as illustrated above. 
Nanoclusters of alloys are quite achievable, which demonstrate further new properties. 
Small Cu-Au core shell nanoclusters were fabricated by Yin et al. in 2011 [142]. Here the 
authors were able to show that manipulating the growth conditions allowed them to tune 
the composition of the core and shell, switching between a predominantly Au shell and 
Cu core to a Cu shell and Au core.  
Core shell alloys were also formed between Pt-TiO2 by Blackmore et al. for use as 
electrocatalysts in water splitting [143]. In this work, researchers developed Pt core, TiO2 
shell nanoclusters, determining that 30 ± 6 Pt atoms were found to be in the preferred 
core size for condensation of the Ti atom shells. Small clusters were found to possess a 
single Pt core whilst larger clusters had multiple Pt cores. Electrochemistry of the clusters 
showed that despite the Pt being covered by TiO2, the platinum was able to shift the 
reduction peak, demonstrating that the core shell particles were electrocatalytically 
active.  
MoS2 is another example of a well-studied, multicomponent material from which 
nanoclusters have been fabricated and studied in depth [144]. Nanocluster MoS2 forms 
as 2-dimensional platelets and is highly catalytically active for the hydrogen evolution 
catalyst [145]. Jaramillo et al. fabricated a range of morphologies of MoS2 with differing 
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fractions of terrace sites and edge sites to elucidate the active sites on the catalysts. They 
found that the edge provided the active site and that the MoS2 nanoclusters were close 
in activity to the Pt group metals for the HER reaction.  
Similar work has been done by Cuddy et al. to prepare well defined MoS2 nanoclusters for 
catalytic applications [146]. In this work, the authors found that the number of layers of 
MoS2 sheets present in nanoclusters was dependent on the size of the nanocluster, with 
only the smallest clusters providing a monolayer structure whilst the largest clusters 
produced up to 4 layers. The authors outlined DFT calculations to model the layer 
formation and highlighted that the physical explanation may lie in either the presence of 
defects, increasing the binding energy in between the layers or due to some physical 
kinetic processes that occur in the condensation chamber. The authors highlight that the 
layered structures may actually be preferential for MoS2, as there is an increase in the 
number of edge sites per number of atoms present, compared to a single monolayer.  
Further examples exist for the catalytic activity of various reaction by nanoscale clusters 
[147].  Critically, there are very few publications on the application of nanoscale clusters 
to the catalytic enhancement of photoelectrochemical water splitting. One of the few 
publications reporting mass-selected nanoscale cluster use for enhancing 
photoelectrochemical water splitting utilised TiO2 nanoclusters produced using a gas 
aggregation cluster source and a quadrupole mass filter [148].  They found a size 
dependent activity whereby the smallest cluster they studied, 4 nm, showed the highest 
photocurrent on a Si photoelectrode.  
Nanoscale clusters therefore, present an exciting and relatively understudied set of 
materials for the modification and potential enhancement of photoelectrode materials 
for PEC water splitting. The exceptional control over the size, density, structure and 
electronic properties of the clusters presents new opportunities for surface modification 
and alteration.  
1.4.5 Literature Review Concluding Remarks 
This literature review has focussed on the most widely studied materials that have been 
utilised as photoanodes for solar water splitting. Across the hundreds of materials that 
have been used, it is quite clear that 3 metal oxides have been studied more than most, 
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TiO2, hematite and BiVO4. With the former 2 having been studied for several decades, 
bismuth vanadate has been shown to have incredible promise for use in a tandem PEC 
cell. Unfortunately, the material still has significant issues, not least the poor electron 
transport properties that increase recombination and limit the quantum efficiency of 
photoelectrodes. Finding methods to improve the electron transport properties of BiVO4 
are of great interest to the community and of importance to study.  
Despite impressive strides for these three materials, there is still significant scope for 
materials with superior properties to be utilised in solar water splitting. Materials with 
the pyrochlore crystal structure have been understudied, but hold great promise as 
photoanodes. The pyrochlore structure has been suggested to have a higher level of 
tolerance towards oxygen vacancies and the addition of dopants. Dopants are an 
important method to change the electronic structure of materials to achieve more 
optimal properties. Unfortunately, the majority of research on pyrochlore materials has 
been limited to the fabrication of powders and their study in photocatalysis. As tandem 
photoelectrochemical cells are an excellent option for future solar water splitting, it is 
logical to investigate the ability to form thin films with the pyrochlore crystal structure 
and investigate their properties.  
Tandem photoelectrochemical water splitting will require two semiconductors, a P-type 
photocathode and an N-type photoanode with optimally aligned band gaps. As silicon is 
perhaps the most studied and most likely candidate for a photocathodic material, finding 
a photoanode that is acid stable and with a band gap of 1.7 - 2.1 eV is highly essential. 
The ability to tune a band gap of a semiconductor would be ideal, but is simply not feasible 
with metal oxide based semiconductors. The ability to tune the composition of the InxGa1-
xN system, leading to significant control over the optoelectronic properties is ideally 
suited to this task. As discussed here, the majority of studies on these tuneable band gap 
materials have involved single crystals or nanowire arrays that require complex multistage 
fabrication processes. Investigations into the fabrication of III-nitrides via an inexpensive 
and scalable method would be greatly sought-after to the solar water splitting community.   
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2 Experimental Techniques  
2.1 Summary 
The following chapter outlines the experimental methods used for the studies presented 
within this thesis. This chapter also includes the basic theory behind the various 
characterisation techniques used in the enclosed studies.  
2.2 Substrate Cleaning Method 
Unless otherwise stated, all samples fabricated for the work in this thesis were deposited 
on fluorine-doped tin oxide coated conducting glass (FTO). The cleaning of this glass is 
essential for the efficient deposition of thin films by a great number of deposition 
methods. Removal of grease from the physical handling of the glass, in addition to 
residues from the fabrication process, is essential to ensure good quality depositions. This 
multi-solvent method for glass cleaning has been used extensively by many groups in the 
past and is highly effective at removing grease and dirt.   
Commercially available FTO glass (TEC 8, 8 /sq., Pilkington UK) was used as a substrate for 
semiconductor fabrication. Substrate slides were cut by hand, using a diamond edged 
glass cutter. The size of the substrates was dependent on the precise deposition method 
and the final use of the samples. Substrates for vertical-AACVD, such as the deposition of 
BiVO4, hematite or the pyrochlore thin films, for example, were cut to 1 x 2 cm. Substrates 
for horizontal-AACVD, for the deposition of InxGa1-xN, were typically cut to 1 x 7 cm due 
to the nature of the tube furnace and the heated zone within. All FTO substrates were 
cleaned using the following standard procedure.  
Substrates were placed in distilled water with washing up liquid and sonicated for 15 
minutes, before being rinsed with distilled water and sonicated again, for a further 10 
minutes, in isopropanol. The substrates were subsequently washed and sonicated for 10 
minutes in distilled water again, before being sonicated for 10 minutes in acetone. The 
substrates were then finally placed into ethanol and sonicated for 10 minutes, before 
being stored in the same ethanol.  
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Substrate slides were removed from the ethanol and dried in air before being transferred 
to the respective AACVD chambers for pre-heating. Electrical connections on the 
photoelectrodes were created by covering small areas on the substrates with pieces of 
microscope slide, to leave uncoated FTO exposed.  
2.3 Aerosol Assisted Chemical Vapour Deposition 
The fabrication of thin films using chemical vapour deposition is an extremely well known 
and long established industrial process. The method, however, requires highly volatile 
precursors or gases, which can potentially limit the number of materials that can be 
fabricated by it. Additionally, materials of more complex stoichiometry are typically 
challenging to fabricate by standard CVD. 
Aerosol Assisted Chemical Vapour Deposition (AACVD) overcomes these issues by utilising 
a liquid precursor aerosol. The precursor compounds, typically inorganic complexes, are 
dissolved in a suitable solvent which is then formed into an aerosol, typically by an 
ultrasonic humidifier. This allows a far wider number of precursors to be used, as they 
simply need to dissolve in a solvent from which an aerosol can be formed, thus increasing 
the number of possible materials that can be fabricated [149]–[151]. As complex 
compounds, with multi-metal centres, can also be dissolved in the precursor aerosol, 
complex stoichiometry is readily achieved by AACVD.  
In addition to the greater freedom with precursors, AACVD allows one to manipulate the 
deposition parameters to yield different morphologies in the resultant thin films. The 
difference in morphology stems from the fact that the precursor can decompose through 
heterogeneous or homogeneous reactions. A homogeneous reaction is where the solvent 
evaporates and allows reaction of the precursor in the gas phase, nucleating and forming 
nanoparticles which then adsorb to the heated substrate. Heterogeneous reactions occur 
on the heated substrate, due to the slower evaporation of the solvent. The ratio of 
homogeneous to heterogeneous reactions is directly responsible for the resultant 
morphology, with heterogeneous reactions tending to form more compact thin films 
whilst homogeneous reactions form porous or hierarchical structures [152]. The ratio 
between these homogeneous and heterogeneous reactions can be modified by altering 
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the gas flow rates, solvent, decomposition temperature and the aerosol flow direction. 
Figure 2.1 shows a schematic of the different precursor decomposition mechanisms.  
 
Figure 2.1 Schematic of the AACVD precursor decomposition mechanisms.  
2.3.1 Vertical-AACVD 
Vertical-AACVD generally allows the production of thin films with greater porosity. This is 
because small aerosol droplets enter the heated zone above a hotplate as they fall, 
allowing evaporation of the solvent. Subsequent homogeneous reactions and nucleation 
may then occur prior to landing and adsorption onto the heated substrate. This allows 
small nanoparticles to grow vertically, producing more porous and nanostructured thin 
films.  
For the vertical-AACVD apparatus, a glass cup with a hole cut in the top is used to provide 
a hot atmosphere directly above the heated substrate. If no cup was used, the 
atmosphere above the sample would not be sufficiently hot to assist in the solvent 
evaporation.  
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Figure 2.2 Schematic of Vertical – Aerosol Assisted Chemical Vapour Deposition. The 
precursor resides in the round bottom flask (right) and the ultrasonic humidifier forms 
an aerosol. The aerosol is pumped through the mixing chamber and onto the heated 
glass substrate.  
An advantage and disadvantage of the vertical-AACVD technique is that the deposition 
area is open to the atmosphere. This means formation of oxide materials is easy, as the 
oxygen is supplied by heating in air, however the formation of non-oxide materials is 
particularly challenging. Furthermore, the humidity, phase velocity of the fume hood, the 
ambient temperature and other environmental parameters can lead to changes in the 
quality and morphology of the thin film deposited, whilst being virtually uncontrollable 
parameters. This can potentially make the vertical-AACVD thin films slightly less 
reproducible than the horizontal technique. Figure 2.2 shows a general set up for vertical-
AACVD, in this case specifically for the preparation of BiVO4.  
2.3.2 Horizontal-AACVD 
A way of maintaining greater control over thin film growth can be achieved by carrying 
out Horizontal-AACVD. The experimental set up allows one to completely control the 
aerosol from generation to deposition. The horizontal method also allows one to more 
readily conduct AACVD under inert conditions or using reactive gases. It is also feasible to 
add extra steps to purify the exhaust gas, such as a bubbler, or add entirely separate 
systems on for post-deposition treatments whilst maintaining an inert atmosphere, for 
example post-deposition doping is possible. This greater control allows one to 
systematically produce thin films with similar properties.   
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Figure 2.3 Schematic of Horizontal – Aerosol Assisted Chemical Vapour Deposition. The 
precursor(s) are contained in the round bottom flasks over the ultrasonic humidifiers. 
Generated aerosol is pumped through into the mixing chamber and on to the tube 
furnace and the heated substrate.  
Horizontal-AACVD, however, is generally found to produce fairly compact thin films with 
low porosity. The aerosol enters the tube furnace and is immediately present on the 
heated substrate. This short distance means that much of the solvent will not have 
evaporated prior to the droplets landing on the substrate. Heterogeneous reactions will 
therefore dominate in the horizontal method, leading to more compact thin film growth. 
Whilst this may not be an issue for thin film deposition in general, as solid state solar cells 
typically utilise compact thin films, this can certainly be considered a disadvantage for 
photoelectrodes, which usually require a high surface area to reduce the bulk 
recombination. Figure 2.3 shows a schematic for horizontal-AACVD, specifically InxGa1-xN 
fabrication.  
Careful control of various parameters is essential to the successful deposition of uniform 
thin films by AACVD. Table 2.1 outlines the parameters that significantly effect film 
thickness and uniformity.  
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Table 2.1 List of parameters, effects and remedies for the AACVD system. 
Parameter Effect Remedy 
Level of water in ultrasonic 
bath 
Alters the position of the 
liquid plume and thus alters 
the aerosol generation. 
150ml of deionised water 
was added to each 
humidifier and maintained. 
Level of precursor within 
round bottom flask  
Alters the position of the 
liquid plume and thus alters 
aerosol generation. 
30ml of precursor was added 
to each chamber by pipette 
and maintained. 
X, Y and Z position of round 
bottom flask within 
ultrasonic humidifier 
Alters the position of the 
liquid plume and thus alters 
aerosol generation. 
The position of the precursor 
flask was adjusted until both 
were visibly the same. The 
positions were altered from 
this point slightly until the 
density of the aerosol within 
the chambers was visibly the 
same.  
Length of tubing between 
precursor flask and mixing 
chamber 
Affects the amount of 
precursor that settles within 
the tube. 
Identical length tubing was 
used between the precursor 
flasks and the T junction. The 
length of tubing was then 
kept constant across all 
experiments.  
Angle of tubing between 
precursor flask and mixing 
chamber 
Affects the amount of 
precursor that settles within 
the tube. 
As the precursor flasks were 
in roughly identical locations 
in the ultrasonic humidifiers 
the angle was roughly the 
same.  
Size of tube inlet and outlet 
between precursor flask and 
mixing chamber 
Smaller nozzles may cause 
droplets to condense 
together and settle in 
tubing/ mixing chamber. 
The same size glassware and 
tubing was used for both 
precursors and kept 
constant for all experiments.  
Ultrasonic bath output Affects the overall amount 
of aerosol generated in each 
precursor chamber. 
The ultrasonic baths were 
purchased at the same time, 
from the same 
manufacturer. They have 
visibly similar aerosol 
densities and are assumed to 
provide a similar output.  
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2.4 Thin Film Fabrication Methods 
2.4.1 Bi2Ti2O7  
The AACVD precursor solutions were prepared by dissolving bismuth nitrate 
pentahydrate (0.02 mol) in acetylacetone (7.0 cm3), after which it was diluted by addition 
of methanol (50 cm3). Titanium isopropoxide (6.75 x 10-3 mol) was then added and the 
solution was then made up to 100 cm3 by addition of methanol.  
A flask containing the AACVD precursor (40 cm3) solution was placed above a piezoelectric 
transducer to generate an aerosol. Air (109 cm3 min-1) was used as the carrier gas to 
transfer the aerosol to a second flask where the larger droplets fall out of the stream. A 
secondary flow of air (2340 cm3 min-1) was used to transfer the finer aerosol droplets onto 
an FTO substrate, which was heated by a hotplate to 600 oC. The aerosol decomposed on 
the hotplate to give the desired thin film. The FTO coated glass was cut (1 x 2 cm) and 
ultrasonically cleaned as mentioned in section 2.2. All chemicals were purchased from 
Sigma Aldrich and were of 99 % purity or higher. The deposition process was carried out 
for 1 h to obtain a film with an appropriate thickness (approx. 1µm). A post-deposition 
annealing step, typically 12 h at 600 °C, was used to improve the crystallinity of Bi2Ti2O7 
thin films. 
2.4.2 Fe:Bi2Ti2O7 
In order to prepare systematically iron doped BTO photoelectrodes by AACVD, a modified 
BTO preparation method was used. A stock solution of BTO precursor was made up as 
outlined in section 2.4.1. A series of precursor solutions with the concentration ranging 
between 0.025 and 1.5 mol% were prepared by adding an appropriate amount of iron 
acetylacetonate under stirring to the BTO stock solution. Deposition parameters, such as 
temperature, time, and annealing time were all kept constant with the undoped BTO 
methodology to allow comparison.   
2.4.3 Fe2Ti2O7  
Two methods were used in attempts to fabricate Fe2Ti2O7. Method 1 was based around 
the concepts used to fabricate other pyrochlore materials (Bi2Ti2O7) by AACVD previously. 
Here equimolar quantities (0.02 moles) of iron acetylacetonate and titanium isopropoxide 
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were dissolved in methanol (100 ml). The resulting precursor was used in vertical-AACVD 
depositions at 600 °C for 1 hour per film. 
Method 2 was modified from a literature report of a similar material, Fe2TiO5 [153]. In 
order to effect the formation of Fe2Ti2O7, the stoichiometry of the precursor compounds 
were changed from the literature report. Briefly, iron acetylacetonate (1.8 mmol) was 
dissolved in a small volume of ethyl acetate. Titanium isopropoxide (3.6 mmol) was added 
to this solution and was made up to 100 cm3 with ethyl acetate. The depositions were 
carried out by horizontal-AACVD with N2 as the carrier gas at 450 °C for 1 hour. Following 
the deposition, samples were cooled and then subsequently annealed in air at 500 °C for 
approximately 4 hours.  
2.4.4 BiVO4 
Bismuth vanadate photoelectrodes were prepared by vertical-AACVD on FTO coated glass 
substrates, as reported previously [61]. Bismuth nitrate pentahydrate (7.5 mmol) was 
dissolved in the minimum amount of acetyl acetonate. This was added to a solution of 
vanadyl acetyl acetonate (7.5 mmol) in methanol, with further methanol added to achieve 
a volume of 250 cm3 and a final concentration of 0.03 moldm-3. The solution was gently 
heated at 70°C for 1 hour whilst stirring. A colour change from green to brown was noted 
for the precursor during this time. Substrates were heated to 500 °C for 15 minutes in air 
before deposition. Typically, 30 cm3 of precursor was placed in a round-bottom flask 
above the piezoelectric modulator of an ultrasonic humidifier (PIFCO ultrasonic humidifier) 
to generate the aerosol. Air was used as the carrier gas (compressed, BOC gases) at a flow 
rate of 175 cm3 min-1 (Air flowmeter, GPE Scientific Limited) to transfer the aerosol into 
the second chamber, where it was then mixed with a second flow of air at 2340 cm3 min-
1. The aerosol droplets are then decomposed in the AACVD chamber to produce a thin 
film on the FTO substrate. The process was continued for 2 hours to produce a film with 
a uniform thickness.  
2.4.5 InN, GaN, InxGa1-xN 
InN, GaN and InxGa1-xN alloys were fabricated by AACVD using separate indium and 
gallium precursor solutions. Gallium chloride and indium chloride (Sigma Aldrich, 
99.999 %) were dissolved in acetonitrile to produce 0.1 M solutions respectively. 
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Substrates were placed in a glass tube in a tube furnace and heated under nitrogen for 15 
minutes at 600 oC prior to each deposition.  
For a typical deposition, round bottom flasks containing the indium and gallium 
precursors were placed over the piezoelectric modulators of two ultrasonic humidifiers 
(Vicks ultrasonic humidifier, model number: VH5000AE1) to produce the aerosols. 
Nitrogen was used as the carrier gas in this case to transfer the aerosol into the mixing 
chamber. Flow rates were varied for each precursor chamber between 59 and 470 
cm3min-1 in defined amounts such that the combined total flow rate of both precursor 
aerosols was 529 cm3min-1. Anhydrous ammonia gas (BOC gases Ltd.) was added into the 
mixing chamber as a reactive gas, at a flow rate of 862 cm3min-1. The aerosol droplets 
entering the decomposition chamber land on the heated substrate where they 
decompose forming nitride thin films. The composition of the thin film is dependent on 
the ratio of the flow rates of the indium and gallium precursors. The deposition was 
continued for 1 hour to produce films of suitable thickness, approximately 2 μm. At the 
end of the deposition, the thin films were allowed to slowly cool to room temperature 
under a low flow of nitrogen (approximately 59 cm3min-1), which assisted in preventing 
the films from cracking. Control experiments conducted by subjecting bare FTO substrates 
to identical heating cycles (without the precursor flow) indicated that substrates did not 
undergo deformation under the deposition conditions.  
2.5 Surface Modification – Mass-selected Nanoscale Cluster 
Deposition 
The cluster source system, used for the production of nanoclusters in chapter 4 of this 
work, is comprised of 4 stainless steel chambers for cluster generation, cluster ion 
extraction and beam formation, mass selection and sample deposition, respectively. The 
stainless-steel chambers are bolted together with copper gaskets to produce a semi-
permanent seal. A backing vacuum of 10-2 mbar is achieved using a mixture of rotary 
pumps and scroll pumps. High vacuum is achieved using 4 turbo-molecular pumps, one 
positioned on each of the main chambers, leading to a typical pressure of 10-7 mbar. This 
pressure rises when the cluster source is in operation, as Ar and He gas are pumped into 
the cluster generation chamber. By separating the cluster source into 4 chambers, each 
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with dedicated pumping, the low pressures required for ion beam tuning, mass selection 
and deposition can be maintained at 10-6 mbar during operation. Figure 2.4 shows a 
schematic of the cluster source and deposition mechanism.  
 
Figure 2.4 A schematic of the cluster source with integrated lateral time of flight mass 
filter.  
A bulk target (50.8 mm diameter x 4 mm thickness) is fixed inside the nucleation chamber 
on a water-cooled copper plate. It is essential that the target mount and magnetron shield 
are cleaned back to the original stainless steel before mounting the target, in order to 
reduce contamination from previously sputtered materials. The nucleation chamber is 
then sealed with a soft-copper gasket to provide a superior seal.  
A DC magnetron is used to sputter the target and create positively charged ions. Argon 
plasma is used to sputter the fitted target, producing a cloud of positively charged ions. 
Helium gas is fed into the chamber to enhance the nucleation and growth of clusters by 
three-body collisions. Cluster growth is further increased by the cryogenic cooling of the 
nucleation chamber using liquid nitrogen. The distance between the magnetron head and 
the exit aperture of the nucleation chamber can be changed to alter the time the clusters 
have to nucleate. An adjustable nozzle is used at the exit aperture of the nucleation 
chamber to modulate the pressure within the chamber. The clusters undergo supersonic 
expansion after passing through the nozzle.  
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The central portion of the flow of clusters is collected by a conical skimmer and directed 
into the ion optics. The purpose of the ion optics is to tune the beam into a spot size of 
approximately 10 mm before being directed into the lateral TOF mass filter [154].  
The cluster beam enters at the bottom of the TOF mass filter through an entrance 
aperture, which can be restricted to enhance resolution by selecting a smaller portion of 
the beam. The beam enters the field-free entrance section until a signal generator 
initiates a positive 0V pulse on the bottom plate to push the clusters up, providing 
perpendicular momentum. The clusters enter the field-free drift region whereby heavier 
clusters move more slowly than the lighter clusters. The dispersed clusters then pass into 
the field-free exit region. After an interval of time the signal generator applies an opposing 
positive 0V pulse on the top plate to remove the perpendicular momentum. The interval 
of time is determined by the calculation of the flight time of the desired cluster size. The 
resulting mass-selected cluster beam is tuned into a beam of approximately 1 mm 
diameter by further ion optics before entering the deposition chamber.  
The sample chamber contains a sample stage which is connected to a motorised platform 
for automated rastering. A sample bias is applied to the stage to determine the impact 
energy of the cluster on the substrate. Current from the stage is measured using a 
picoammeter and is used to determine the flux of clusters incident onto it. A mask, which 
is also applied with the sample bias but kept isolated from the picoammeter, with 
apertures of known position and size, can be used on the sample stage. This allows one 
to determine when the beam is above the sample. As the beam diameter is small, 
rastering of the sample below the cluster beam is required to provide even coverage over 
large samples.  
Specifically, for work outlined in chapter 4, mass-selected Ti clusters were produced 
through the sputtering of a Ti target (99.999 % Ti, Pi-Kem Ltd.) in the cluster source 
apparatus outlined above. The general approach followed was to optimise the formation 
parameters iteratively, to achieve the highest beam currents possible. Typical parameters, 
including DC magnetron power (150 W), Ar flow rate (180 sccm), He flow rate (200 sccm) 
and condensation length (250 mm), were used to achieve beam currents of approximately 
100 pA. The magnetron settings were kept constant but the chamber pressure was 
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modified, between 0.74 – 4.5 mBar, to improve the yield of smaller and larger cluster sizes 
respectively.  
The TiN+ clusters were mass-selected prior to deposition onto the FTO substrates (high 
vacuum conditions, 10-7 – 10-6 mbar), which were biased to achieve a landing energy of 
1500 eV per cluster. Each cluster size was deposited on a separate FTO substrate. The TOF 
mass-filter was set to provide a mass resolution of ± 2.7 %, as determined through 
calibration using a beam of Ar+ ions. This resolution yields mass-selected clusters of Ti923±25, 
Ti2000±54, and Ti8000±216 for clusters with nominally 923, 2000 and 8000 Ti atoms. The labels, 
Ti923±25, Ti2000±54, and Ti8000±216, are used from this point onwards to discuss the respective 
cluster sizes. To ensure a uniform distribution of clusters over the entire surface of the 
photoelectrode, the bismuth vanadate films (5 x 10 mm2) were rastered with respect to 
the cluster beam. Typically beam currents approaching 100 pA could be achieved, leading 
to deposition times of 42 minutes for an average density of 3.5x1010 clusters/mm2. 
Following the deposition, substrates were brought into air and allowed to oxidise.  
A sample holder was designed and created in order to hold FTO glass samples on the 
sample stage. Figure 2.5 shows the 3D model used to fabricate this part. The FTO glass is 
clamped into the stainless-steel holder, which is then slotted into the sample arm. The 
focussed mass-selected cluster beam impinges normal to the surface of the substrate. 
After AACVD deposition, bismuth vanadate substrates were cut to produce smaller 
samples. Typically, a single 1 x 2 cm bismuth vanadate sample would be cut to produce 
two 0.5 x 1.5 cm samples. This is done to enable the samples to be mounted inside the 
cluster source sample holder.  
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Figure 2.5 CAD schematics for a sample plate to hold the FTO glass electrodes within the 
cluster deposition chamber on the rastering arm.  
2.6 Characterisation Techniques 
2.6.1 Materials Properties 
2.6.1.1 X-ray Diffraction 
X-Ray diffraction (XRD) is a standard technique for the analysis of the bulk crystallinity of 
materials. The technique is achieved by directing X-rays onto a material whereby they are 
scattered by the crystal lattice of a material. A crystalline material can be described as 
having a long range order. This is because of a periodically repeating pattern formed by 
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the atoms within the crystal lattice. The X-ray scattering occurs through the interaction 
between the X-rays and the electron density around the atoms present in a crystal lattice. 
Constructive interference of reflected X-rays occurs when the X-rays are in phase. The 
spacing between crystal planes, Bragg planes, can be determined through Bragg’s law, 
equation 4.5. 
Equation 2.1 Bragg's Law where n is an integral number, λ is the wavelength, d is the 
lattice spacing and θ is the scattering angle. 
𝑛𝜆 = 2𝑑 sin 𝜃 
Constructive interference occurs when n is an integer. An X-ray diffraction pattern is 
recorded by scanning the X-rays through a range of 2θ angles, which yields a set of peaks 
for high intensity reflections. These peaks are characteristic of a crystal structure and are 
therefore useful in identifying it [155]. By comparing measured X-ray diffraction patterns 
to those in a database, crystal identification is possible.  
 
Figure 2.6 Diagram of X-ray reflection within a crystal lattice on planes of atoms. 
Constructive interference occurs when reflected waves are in phase, leading to the 
buildup of a signal, which when continued through a range of 2θ angles, yields a 
diffraction pattern.  
By comparing the relative intensities of reflections with those of the standard diffraction 
patterns held in the database, one can also ascertain if a preferred geometry of a crystal 
structure is present. It is often the case that different fabrication methods will yield 
different preferred orientations of crystals.  
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Frequently, when materials do not display a well-defined crystal structure in an XRD 
pattern, they are referred to as amorphous. An amorphous material is one that has short 
range order of the crystal structure, but lacks long range order. This means the atoms may 
form a small ordered arrangement, but this is not periodic and does not continue 
throughout the structure. As such, the constructive interference is not significant enough 
to yield observable reflections in the XRD pattern. The same phenomena can occur with 
nanoscale crystallites, which despite being highly crystalline, do not lead to enough 
constructive interference because of their size and as such are not observed in XRD 
patterns.  
Broadening of reflections is another common phenomenon, which is indicative of a defect 
rich crystal structure. When defects are present in a crystal structure, they cause changes 
in bond lengths, which in turn leads to expansion or contraction of the crystal lattice. This 
leads to a response for a particular reflection over a broader 2θ range.   
The phase and crystallinity of thin films was characterised using a Bruker AXS Advance X-
ray diffractometer with primary monochromatic high intensity Cu K-α (λ = 1.541 Å) 
radiation. Typically, an angular range of 2θ = 10° - 80° was used with acquisition times of 
2 – 12 hrs.  
2.6.1.2 SEM 
Scanning electron microscopy (SEM) is a necessary and useful technique for the 
visualisation of surfaces at the micro and nanoscale. A beam of electrons is directed at a 
sample where the electrons interact with atoms on the surface. Electrons are used as they 
have a wavelength smaller than visible light, allowing resolution of smaller structures than 
is possible with optical microscopy. The de Broglie wavelength can be used to estimate 
the wavelength of an electron, which can be calculated from Equation 2.2. 
Equation 2.2 The de Broglie wavelength of an electron under accelerating voltage. 
𝜆 =
ℎ
√2×𝑚0×𝑒×𝑈
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Where h is Plank’s constant, m0 is the mass of an electron, e is the elementary charge and 
U is the accelerating voltage. This can be solved for the electrons used in an SEM; with a 
5 kV accelerating voltage the electrons have an approximate wavelength of 1.7x10-11 m .  
The diameter of the electron beam is one of the main factors in the resolution of the 
instrument. The interactions of electrons with the atoms can produce: 
- Secondary electrons. These are low-energy electrons that are emitted by the 
ionisation of the subject material. They are the primary method of visualisation 
used in SEM. 
- Backscattered electrons. These high-energy electrons are originally from the 
primary electron beam and elastically scattered by interaction with the sample.  
- Characteristic X-rays. These X-ray photons are emitted when an outer shell 
electron fills the hole left by an ejected inner shell electron. These are used in EDX 
spectroscopy.  
Secondary electrons are typically used for high-resolution imaging of surface morphology. 
The number of secondary electrons emitted varies on topography. Thus, by scanning the 
electron beam along a sample and detecting the emitted electrons using an Everhart-
Thornley detector, an image can be formulated.  
The surface morphology of thin films was studied using a Leo 1530 VP field emission gun 
scanning electron microscope (FEGSEM) at an accelerating voltage of 5 kV and a working 
distance of 5 mm.  
2.6.1.3 Scanning Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is an essential technique for visualising 
nanometre scale features. Extremely thin samples are used which allow a beam of 
focussed electrons to pass through to a detector, situated behind the sample, forming an 
image. The high resolution of the transmission electron microscope is a result of the small 
de Broglie wavelength of electrons, which is far smaller than the wavelength of a photon.  
Whilst a conventional TEM has a wide electron beam that passes through the whole 
sample, Scanning Transmission Electron Microscopes (STEM) have a highly-focussed 
beam, which rasters across the sample. The electron beam can in fact be focussed to sub-
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Å levels, allowing atomic resolution [156]. This highly focussed beam is often achieved 
using aberration correction, which corrects the spherical aberration caused by the 
electron lenses [157].  
 
Figure 2.7 Schematic image of a Scanning Transmission Electron Microscope (STEM) 
with a High Angle Annular Dark Field Detector (HAADF) [158]. 
Inelastically scattered electrons are transmitted through the sample and can be received 
by either a bright field detector or a High-Angle Annular Dark Field detector (HAADF). The 
HAADF detector is particularly sensitive to the atomic number, thus the resultant data 
yields a high resolution image with chemical information [159]. The HAADF STEM 
measurements were conducted on a 200 kV JEOL 2100F STEM with a spherical aberration 
corrector (CEOS) using a HAADF detector with inner and outer collection angles of 62 and 
164 mrad respectively. Samples were deposited on graphene oxide coated lacey carbon 
on 300 mesh copper TEM grids (EM resolutions Ltd.) and image acquisition times were 
approximately 10s.  
2.6.1.4 EDX 
Energy-Dispersive X-Ray Spectroscopy (EDX) is a non-destructive, elemental analysis 
technique that can probe the composition of samples. The technique works by focussing 
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a high-energy beam of electrons at a sample, causing the ejection of inner shell electrons. 
An outer shell electron then fills the hole left by the ejected electron, through the 
emission of an X-ray photon. The energy of this X-ray photon is equal to the difference 
between the energy of the higher-level shell and the lower level shell, thus is 
characteristic of the element from which it was emitted. The resultant spectrum of X-rays 
produced by this technique is therefore characteristic for each element. Figure 2.8 shows 
the theoretical principle behind EDX. For the purposes of this thesis, EDX characterisation 
was carried out using the Leo 1530 VP field emission gun scanning electron microscope, 
using the high-energy electron beam as the excitation source and an X-ray detector.  
 
Figure 2.8 Schematic showing the processes occurring at an atomic level when high 
energy electrons or X-rays interact with them, as in EDX and XPS techniques. An electron 
is used to eject an inner electron and the emitted x-ray is studied in EDX. An X-ray is 
used to eject an inner electron and the ejected photoelectron is studied in XPS.  
2.6.1.5 XPS 
X-ray Photoelectron Spectroscopy is an analogous and complimentary technique to EDX. 
XPS is a technique for the elemental analysis of the surface. XPS utilises a high-energy 
beam of X-rays to eject the electrons within the atom. The photoelectrons that are then 
ejected from the sample, which have kinetic energy that is equal to the excitation energy 
of the X-ray minus the binding energy of the orbital they were residing in, are then 
analysed. Thus, for each element characteristic peaks are produced for different electron 
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orbitals. Typically, the number of electrons recorded is plotted against the binding energy 
in eV. Crucially, although electrons throughout the whole sample are excited, only 
electrons from the top 12 nm are ejected, collected and analysed. Thus, the elemental 
analysis is constrained to the surface, providing insights that EDX cannot. Figure 2.8 shows 
the theoretical principles behind XPS.  
XPS spectra were recorded using a Thermo Scientific K-Alpha XPS spectrometer operated 
with an unmonochromated Al Kα X-ray source (1486.6eV).  
2.6.1.6 Raman Spectroscopy 
Raman Spectroscopy is used to observe the vibrational, rotational and low-frequency 
modes in a molecular system. The technique works by utilising the inelastic scattering, 
known as Raman scattering, of photons. A monochromated laser, typically an infra-red 
laser, is used to probe molecules in the analyte material with photons. When photons 
interact with a molecule the majority will elastically scatter, known as Rayleigh scattering, 
so that the scattered photons have the same energy as the incident photons. Raman 
scattering relies on the photon interacting with the oscillating dipole moment of a 
molecule and being shifted in energy. The shift in energy is related to the vibrational 
energy levels of the molecule, hence it is characteristic of particular molecular bonds. The 
shift in the wavelength of the resulting photons is then detected, after they have been 
separated from the incident and Rayleigh scattered light by a monochromator. The 
Raman response is often very weak, but often sensitive to microscopic compositional 
details which some other bulk techniques may not.   
Raman Spectroscopy was undertaken using a HORIBA Jobin Yvon LabRAM HR Raman 
Spectrophotometer, equipped with a 632.8 nm He-Ne laser. Spectra were recorded over 
a 100 – 1000 cm-1 range.  
2.6.2 Optoelectronic Properties 
2.6.2.1 UV/Visible Absorbance and Diffuse Reflectance Spectroscopy 
UV / Visible absorbance spectroscopy and UV / Visible reflectance spectroscopy can be 
used to determine the optical properties of thin films. Such properties include the optical 
absorption coefficient, the sample thickness and the absorption and reflectance spectra. 
Light incident upon a solid sample will be absorbed, transmitted, reflected or scattered 
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depending on the wavelength of the light and also on the properties of the material. The 
Beer-Lambert law provides the relationship between the intensity of transmitted light, I, 
through a sample of thickness x, with the intensity of the incident light upon it, I0.  
Equation 2.3 
I = 𝐼0𝑒
−𝛼𝑥  
In the Beer-Lambert equation α is the optical absorption coefficient and is dependent on 
the material being studied. Transmission of light through a sample is regarded as: 
Equation 2.4 
𝑇 =  
𝐼
𝐼0
 
If luminescence and scattering are deemed to be negligible then all light must either be 
absorbed, transmitted or reflected. 
Equation 2.5 
1 = 𝐴 + 𝑇 + 𝑅 
Diffuse reflection is the multiple reflections created by a matte material. The Kubelka-
Munk equation is used to calculate the absolute reflectance:  
Equation 2.6 
𝑓(𝑅∞) =
(1 − 𝑅∞)
2
2𝑅∞
=
𝐾
𝑆
 
Where 𝑅∞ is absolute reflectance, K is the absorption coefficient and S is the scattering 
coefficient. Absolute reflectance is a constant value for a matte material and refers to the 
reflectance point at which transmission drops to zero. It is, however, difficult to measure 
the absolute reflectance. Typically, a reflectance standard, is used and a comparative 
reflectance, 𝑟∞, is the measured quantity.  
Equation 2.7 
𝑟∞ =
𝑟∞(𝑠𝑎𝑚𝑝𝑙𝑒)
𝑟∞(𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)
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𝑓(𝑟∞) =
(1 − 𝑟∞)
2
2𝑟∞
=
𝐾′
𝑆′
 
UV-Visible Absorption and Reflectance spectroscopy were recorded on a Lambda 35 
Perkin-Elmer UV-vis spectrophotometer equipped with a Labsphere RSA-PE-20 
integrating sphere accessory. A Labsphere certified reflectance standard (Serial Number 
7A33 – 3746) was used as a reference for reflectance measurements. For absorbance and 
transmission measurements, a plain piece of FTO glass was used as a background.   
2.6.2.2 Tauc Plots 
Tauc plots are typically used to more accurately estimate the apparent visible band gap 
of semiconductor photoelectrodes using data measured from diffuse absorbance. With 
some prior knowledge of the material one can calculate a direct and indirect band gap. By 
extracting the intercept with the x – axis from the linear portion of a plot of (αhν)2 against 
energy, the direct band gap energy of the semiconductor material can be estimated. 
Additionally, by plotting (αhν)1/2 against energy, one can calculate the band gap of an 
indirect transition.  
2.6.3 Photoelectrochemical Properties 
2.6.3.1 Photocurrent – Voltage performance analysis 
Photoelectrochemical performance can be easily measured in terms of photocurrent, 
generated by a light source of known intensity, with respect to an applied voltage. The 
applied voltage simulates the spontaneous potential difference formed between two 
photoelectrodes in a tandem photoelectrochemical cell, but allows one to probe the 
performance of a single photoelectrode more readily. All Photocurrent – Voltage (JV) 
curves were recorded in three-electrode configuration with the sample as the working 
electrode, a Pt mesh counter electrode and a Ag|AgCl|3M KCl reference electrode. All 
photoelectrochemical measurements were tested on a galvanostat/potentiostat (Eco 
Chemie Autolab PGSTAT12) under illumination of an AM 1.5 Class A solar simulator (Solar 
Light 16S – 300 solar simulator). AM 1.5 (air mass 1.5) solar simulators are frequently used 
in photoelectrochemistry as they readily replicate the illumination scenario under the 
average solar spectrum in the northern hemisphere at sea level. AM 1 is the solar 
spectrum at the equator at sea level, whilst AM 0 is the solar spectrum in space. The 
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differences arise due to the distance the light has to travel through the atmosphere. The 
illumination source was calibrated so that an illumination intensity of 100 mWcm-2 was 
achieved at a set distance from the lamp, where a quartz electrochemical cell was 
clamped in place. Calibration was achieved using a silicon pyranometer (Solar Light co., 
PMA2144 Class II) with a spectral responsivity range of 285 – 2800 nm. The 
photoelectrode of study was clamped inside the cell in front of the illumination path. Light 
enters through the quartz cell and through approximately 5 mm of electrolyte before 
reaching the photoelectrode. Photoelectrochemical measurements for metal oxide 
photoelectrodes were carried out in 1M sodium hydroxide solution (pH 12)at a scan rate 
of 10 mVs-1. Photoelectrochemical measurements for InN, GaN and InxGax-1N 
photoelectrodes were carried out in 1M sulphuric acid and 0.1M pH 7.4 potassium 
phosphate buffer solution both at a scan rate of 10 mVs-1.  
2.6.3.2 Photon to Electron Conversion Efficiency Analysis 
The photon to electron conversion efficiency is an important metric for understanding 
how practical it is to use materials as photoelectrodes in water splitting cells. The 
technique works by the application of a monochromated light source, which is scanned 
through a wavelength range that the analysed material is optically active in. By monitoring 
the current response, at an applied potential, for each wavelength in the range and 
comparing it to a known standard, a photon to electron conversion efficiency can be 
determined. Depending on how this measurement is conducted, various numbers can be 
achieved [39].  
The external quantum efficiency (EQE) is the incident photon to electron conversion 
efficiency (IPCE) of the whole device. The measurement does not take into account 
transmission or reflection of any of the components and is the standard measure in solar 
cell work. One can integrate and normalise the current measured in the IPCE 
measurements to yield a calculated current value for an AM 1.5 G spectrum. This of course 
can be compared with the measured value from a JV curve as a means of confirming the 
validity of the measured EQE values. As the external quantum efficiency doesn’t take into 
account transmission or reflection, the integrated current is an estimate and will produce 
values that vary from the values measured in a JV curve particularly if transmission or 
reflectance is high.  
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An alternative measure is the internal quantum efficiency (IQE) which is essentially the 
absorbed photon to electron conversion efficiency (APCE). This technique normalises an 
IPCE spectrum for the diffuse absorbance of the material. The integrated current from the 
APCE values gained by this method should be directly comparable to the current from a 
JV curve under AM 1.5 G illumination within the limits of experimental error. This type of 
measurement is particularly important for photoelectrode materials with high 
transmission, high reflectance or ones that require reverse illumination (i.e. through the 
glass and FTO side). These materials will have part of the spectrum altered due to the 
absorption and reflectance of the glass, prior to the photons reaching the semiconductor. 
This can lead to differences between the integrated current from IPCE and the JV curves. 
The absorbance and reflectance corrected values, APCE, should therefore be used in these 
cases.  
Typically, several issues arise during the measurement of IPCE / APCE. Recombination 
occurs within semiconductor photoelectrodes and can be particularly high for some 
materials, i.e. hematite. When the monochromator switches between wavelengths, it 
essentially chops the light. When the electrode is illuminated with the new wavelength a 
large recombination peak occurs. If the analogue-to-digital converter in the PCE hardware 
is not set to measure for a suitably long time, such that a steady state photocurrent can 
be achieved, an overestimate will occur. It is possible that the recombination peak can be 
many times higher than the steady state current value, thus leading to a gross 
overestimation of the PCE. Typically control experiments should be conducted to 
determine a suitable ADC read time to take the recombination peak into account.  
Illumination intensity is another factor that can dramatically overestimate a PCE spectrum 
for some semiconductor materials. When the light intensity is low, the small number of 
photons being absorbed by the material means that the recombination of the small 
number of photogenerated charges formed also tends to be low. Thus, at sufficiently low 
light intensities the internal quantum efficiency can be very high indeed. At higher light 
intensities, electrons can accumulate in the conduction band due to poor charge transport 
within the semiconductor and lead to increased recombination, thus decreasing the IQE. 
As solar simulation illumination is typically at an intensity of 1000 Wm-2, the substantially 
lower illumination intensity of the IPCE measurement can make it difficult to produce 
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matching PCE data and give gross overestimations of the quantum efficiency if not taken 
into account [160].   
In general, incident photon to electron conversion efficiency measurements were 
obtained by measuring the incident photon flux from a 75 W xenon lamp connected to a 
monochromator (TMc300, Bentham Instruments Ltd). The light is calibrated using a silicon 
photodiode (Bentham Instruments, Serial No 86333, type Dh-Si Silicon photodiode with 
responsivity in the 300 -1100 nm range). Photocurrent spectra were recorded in a 3-
electrode configuration using a Ag|AgCl|3M KCl reference electrode and platinum 
counter electrode at fixed potentials, applied using a potentiostat (analogue potentiostat, 
Whistonbrook Technologies Ltd.). A 5 nm interval was used between readings over a 300 
– 800 nm wavelength range. White light illumination was applied to increase the 
illumination intensity upon the photoelectrodes in some cases. Various illumination 
intensities were applied and were calibrated using a silicon pyranometer (Solar Light Co., 
PMA2144 Class II) with a spectral responsivity range of 285 – 2800 nm. APCE was 
calculated by normalising the measured IPCE by the diffuse reflectance and transmittance 
of the photoelectrodes. 
2.6.3.3 Photoelectrochemical Impedance Spectroscopy 
Electrochemical Impedance Spectroscopy (EIS) and Photoelectrochemical Impedance 
Spectroscopy (PEIS) are versatile and important techniques for understanding properties 
within an electrochemical system. EIS works by the application of a small sinusoidal 
perturbation to the applied voltage. The resulting impedance is then measured as a 
function of frequency of the AC perturbation. The experiment is then typically repeated 
at multiple potentials to acquire a complete understanding of the system.  
In a typical current – voltage curve Ohm’s law applies such that: 
Equation 2.8  
R =
𝑉
𝐼
 
Where R is the resistance, V is the potential and I is the current. When a small sinusoidal 
perturbation is applied to the applied potential, a phase shift (Φ) in the resultant current 
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is observed. When the AC perturbation is small (around 10 mV) the response is considered 
linear and the following equation applies: 
Equation 2.9 
Z(𝜔) =
𝑉(𝜔)
𝐼(𝜔)
 
In which ω is the angular frequency of the AC perturbation.  
Impedance data is complex, including both magnitude and phase shift information. This 
can be extracted using the following equations.  
Equation 2.10 
𝑉𝑡 = 𝑉0 + ∆𝑉. sin(𝜔𝑡) 
𝐼𝑡 = 𝐼0 + ∆𝐼. sin(𝜔𝑡 +  𝛷) 
𝑍 =  
𝑉(𝑡)
𝐼(𝑡)
=
𝑉0. sin(𝜔𝑡)
𝐼0. sin(𝜔𝑡 + 𝛷)
 
The impedance data can be split into real and imaginary components using imaginary 
numbers (𝑗 = √−1). These can be plotted on Cartesian coordinates to yield a complex 
plane plot, or a Nyquist plot. Typically, Z’, the real component, is plotted on the X – axis 
and Z’’, the imaginary component, is plotted on the Y – axis.  These compress the data to 
display each of the frequencies in a non-logarithmic plot. Other plots that do not 
compress the data, such as the Bode plots, can also be used to display the data.  
Electrochemical impedance data can be modelled using standard circuit elements. The 
most fundamental elements used are the resistor and capacitor. An ideal resistor exhibits 
no phase change when an AC perturbation is applied to it. Therefore, a Nyquist plot 
containing impedance data of an ideal resistor would show a single point on the Z’ axis 
which is independent of applied frequency.  
An ideal capacitor, on the other hand, contains only imaginary information. An ideal 
capacitor has a phase shift of π/2, so when plotted in a Nyquist plot it yields a straight 
vertical line with the x-axis intercept at 0 Ω.  
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For a typical semiconductor in solution the Randles circuit can be used. Here 3 electrical 
circuit components are used to represent the electrical double layer that forms at the 
interface of a semiconductor in solution. When a capacitor is placed in parallel with a 
resistor, a semicircle is formed in the Nyquist plot. Figure 2.9 a Nyquist plot and the 
Randles circuit used to model it.  
PEIS works in the same way as EIS, but is carried out with the sample under illumination. 
When a semiconductor is illuminated, the photovoltaic effect takes place, as detailed in 
section 1.3.1.1, producing photogenerated charge carriers. Carrying out PEIS can allow 
one to understand the transport of charge carriers and recombination and the mechanism 
for reactions happening on the surface. Often these need complex models that link the 
science to the mathematics of impedance analysis [43].  
PEIS and EIS were carried out using a three-electrode configuration with the sample as 
the working electrode, a Pt mesh counter electrode and a Ag|AgCl|3M KCl reference 
electrode. All photoelectrochemical measurements were tested on a 
galvanostat/potentiostat (Eco Chemie Autolab PGSTAT12) under illumination of an AM 
1.5 Class A solar simulator (Solar Light 16S – 300 solar simulator). The illumination source 
was calibrated so that an illumination intensity of 100 mWcm-2 was achieved at a set 
distance from the lamp, where a quartz electrochemical cell was clamped in place. The 
photoelectrode of study was clamped inside the cell in front of the illumination path. Light 
enters through the quartz cell and through approximately 5 mm of electrolyte before 
reaching the photoelectrode.  
PEIS and EIS measurements for bismuth vanadate and hematite photoelectrodes were 
carried out in 1M sodium hydroxide solution. PEIS and EIS measurements for InN, GaN 
and InxGax-1N photoelectrodes were carried out in 1M sulphuric acid.  
Frequency ranges between 9999 – 0.1 Hz were typically used with a logarithmic scale of 
50 frequencies.  
2.6.3.4 Mott-Schottky Analysis 
The Mott-Schottky analysis can be used to estimate the flat band potential of a 
semiconductor in solution. The Mott-Schottky equation can be used when EF > EF(redox).  
Chapter 2 – Experimental Techniques 
94 
 
Equation 2.11 
1
𝐶2
=  
2
𝜀𝜀0𝐴2𝑒𝑁𝐷
(𝑉 −  𝑉𝑓𝑏 −
𝑘𝐵𝑇
𝑒
) 
Where C is the interfacial capacitance, A is the area, ND is the number of donors, V is the 
applied voltage, kB is Boltzmann’s constant, T is temperature and e is the electronic charge.  
Thus plotting 1/C2 with respect to applied voltage leads to a straight line, where the 
intercept with the x axis corresponds to Vfb. Additional analysis can provide the number 
of donors, ND. The values for ε and A are already known [161].  
 
Figure 2.9 A typical response for a semiconductor in a Nyquist plot (left) which can be 
modelled with a Randles circuit (right), which models the double layer capacitance (CDL), 
charge transfer resistance (Rct) and the solution resistance (RS). 
The flat band potential, for a highly-doped semiconductor, can be used to approximate 
the position of the conduction band or valence band for n-type or p-type semiconductors 
respectively. Thus, knowing the band gap, one can provide estimates for the band edge 
positions with respect to the RHE potential scale. For the purposes of this thesis, the 
interfacial capacitance was measured using electrochemical impedance spectroscopy. 
The EIS data is then fitted with the Randles circuit in order to calculate the capacitance. 
This method creates a small amount of error in the capacitance value, as the Randles 
circuit will never be a 100 % fit to the data. As long as the fitting is close to 100 %, the 
error will be reduced and the estimate of the flat band potential will be accurate. The 
experimental parameters for EIS are detailed in section 2.6.3.3.
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3 Pyrochlore Semiconductor Photoanodes for Solar 
Water Splitting 
3.1 Summary 
In an effort to learn the intricacies of the aerosol assisted chemical vapour deposition 
technique, novel semiconductor thin films were fabricated in the first year of study. The 
following chapter will aim to prove the following hypotheses: 
• Is it possible to fabricate thin films with a pyrochlore crystal structure under mild 
conditions, such that the deposition can be carried out on glass substrates without 
deformation of the substrate?  
• Do the resulting pyrochlore photoelectrodes exhibit a greater tolerance towards 
the incorporation of dopants in the crystal structure? Addition of dopants should 
not yield any significant change in the crystal structure, but do they lead to 
alterations in the band structure and optoelectronic properties?  
• Does the addition of iron as a dopant into the pyrochlore crystal structure lead to 
a reduction in the band gap, through the addition of interband energy states as 
expected, and is that change directly proportional to the dopant concentration? 
• Does the resulting reduction in the band gap of the doped pyrochlore 
photoanodes lead to significant enhancements in the visible light absorbance and 
does the photocurrent generated match this response when under illumination?   
In order to prove these hypotheses, work was conducted on the fabrication of Bi2Ti2O7 
(BTO) and the subsequent measurement of its materials and photoelectrochemical 
properties. Subsequent experimentation was conducted to further reduce the band gap 
of this material through doping with iron. Finally, attempts were made to fabricate 
Fe2Ti2O7, a small band gap pyrochlore material that showed promise for solar water 
splitting. The work conducted on the fabrication and study of BTO has been published in 
a peer reviewed journal [162] whilst the work conducted on band gap manipulation of 
BTO has been submitted for publication in another peer reviewed journal.  
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3.2 Introduction 
In recent years, efforts to fabricate optimised semiconductor materials for solar water 
splitting have led researchers to investigate ternary metal oxide compounds [47]. Ternary 
systems, such as titanates [163], ferrites [164] and vanadates [61] present a greater 
opportunity to modify and tune properties compared to simplistic binary metal oxides, 
like hematite [14]. Of the ternary systems investigated, relatively few are found to have 
the pyrochlore crystal structure. The pyrochlore structure (A2B2O6O’ where O’ can be 
vacant forming defect pyrochlores) is cubic, ionic and able to cope with a wide variety of 
different vacancies and substitutions at the A and O’ sites [75]. The greater flexibility in 
the crystal structure makes them ideally suited for doping, to further modify the 
electronic structure and tune properties.  
Bi2Ti2O7 (BTO) is a photoactive pyrochlore material with band edges that straddle the 
water splitting potentials [163]. The material has a reasonably large band gap, found to 
be in the region of 2.8 eV [165], which, although being smaller than TiO2 (3.2 eV), would 
ideally be reduced further to enhance visible light absorption and optimise 
photoelectrolysis. Previous DFT studies have suggested that the addition of transition 
metals, particularly Fe, into the BTO pyrochlore structure can facilitate a reduction in the 
band gap [74]. Indeed, subsequent solution based methods for the modification of BTO 
with Mn and Fe were presented and showed a substantial modification to the band gap, 
down to approximately 2.1 eV and 2.2 eV respectively, which led to an improvement in 
the photocatalytic properties in both cases [83], [84]. Further work has shown that the Fe 
dopants aid in the visible light assisted charge separation within the Fe doped BTO [166].  
There are a number of reported synthesis methods for Bi2Ti2O7 in the literature, such as 
co-precipitation [167], metal-organic deposition [168], and sol-gel [80]. However, the 
majority of methods reported in the literature are aimed at preparing the material in the 
form of a powder (at micro and nano scale) rather than thin films. A common problem 
associated with existing methods for thin film fabrication is achieving a pure phase, as, for 
example, impurity phases such as Bi4Ti3O12 have been observed in the powder synthesis 
[169]. Despite the promising work that exists so far, few have investigated the formation 
of thin film pyrochlores or their subsequent band gap modification through doping.  
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3.3 Results and discussion 
3.3.1 Bi2Ti2O7 fabrication by Aerosol Assisted Chemical Vapour 
Deposition 
In this study, phase pure Bi2Ti2O7 thin films were prepared by Aerosol Assisted Chemical 
Vapour Deposition and characterised by XRD, SEM and Diffuse Absorbance Spectroscopy. 
The photoelectrochemical properties of the Bi2Ti2O7 thin films and estimates of the band 
edge positions are also reported.  
3.3.1.1 XRD  
Bi2Ti2O7 thin films were produced by AACVD at 600 oC on FTO glass substrates. Figure 3.1 
shows the X-ray diffraction (XRD) patterns of an as-deposited thin film and a film after 12 
hours of post deposition annealing at 600 oC. The XRD pattern for the as-deposited films 
only shows peaks from the F:SnO2 layer from the substrate. The reflections at 26.8, 34.0, 
38.0, 51.7, 54.7 61.7 and 65.7o correspond to the (110), (101), (111), (211), (220), (310) 
and (301) reflections of SnO2, respectively (ICDD 00-041-1445). This showed that the as-
deposited film had an amorphous nature.  
To increase the crystallinity of the thin film, it was subjected to post-deposition annealing 
for 12 h at 600 oC. The XRD pattern for the post-annealed film indicated the presence of 
a cubic Bi2Ti2O7 phase, with peaks at 15.0, 28.7, 30.0, 34.7, 38.1, 45.7, 49.9 and 59.3o 
corresponding to the (222), (622), (444), (800), (662), (10 22), (880) and (12 44) reflections 
of Bi2Ti2O7, respectively (ICDD 00-032-0118). The XRD pattern shows no other reflections 
for impurities such as TiO2, Bi2O3 or Bi4Ti3O12. 
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Figure 3.1 X-ray diffraction pattern of the as-deposited sample (black) and the sample 
annealed at 600°C for 12 hrs (red) thin films. The latter shows a clear presence of the 
Bi2Ti2O7 crystal phase (ICDD 00-032-0118), the reference pattern for which is included in 
the figure. Additional reflections are observed for the FTO substrate (ICDD 00-041-1445). 
3.3.1.2 SEM 
The surface morphology of the thin films before and after the post-deposition annealing 
step was studied by SEM and is shown in Figure 3.2A and B, respectively. The Bi2Ti2O7 film 
consists of cauliflower shaped structures ranging in size from 0.5 – 1 μm, which may be 
formed from smaller nanoparticles sintered together. A cross-sectional image of a post-
annealed film is shown in Figure 3.2C, which shows a film thickness of around 1 μm after 
60 min of deposition by AACVD. It can be seen that post-deposition annealing for 12 h at 
600 oC causes sintering of the nanostructure, resulting in the formation of larger sized 
features in the range of 1-2 μm, compared to the 0.5 – 1 μm before annealing. It can also 
be seen that there is a reduction in void space between the individual features after 
annealing, which may result in lowering of the porosity and the surface area.  
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Figure 3.2 SEM images of A) thin films as deposited by AACVD prior to annealing, B) the 
same thin film after annealing at 600°C for 12 h with the defined pyrochlore crystal 
structure, and C) the cross-section of post-annealed Bi2Ti2O7 cut at room temperature. 
The void space is clearly seen to decrease with the long annealing time.  
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3.3.1.3 UV – Visible Spectroscopy 
Transmission and diffuse reflectance measurements were conducted to calculate the 
diffuse absorptance characteristics of the post annealed films. Figure 3.3 shows the 
diffuse absorptance spectrum for Bi2Ti2O7 and it can be seen that the optical absorption 
onset occurs at around 450 nm. It has been shown by several previous studies that 
Bi2Ti2O7 is a direct band gap semiconductor and so a plot of (αhυ)2 vs. photon energy (Tauc 
plot) can be used to estimate the band gap of Bi2Ti2O7 [74]. In the present work, the band 
gap was estimated to be 2.88 eV, which also agrees with recent reports [83].  
 
Figure 3.3 Diffuse absorptance (black), transmission (green) and reflectance (blue) of 
Bi2Ti2O7 thin films prepared by AACVD after annealing. The inset shows a Tauc plot for 
the Bi2Ti2O7 which shows a direct band gap of 2.88 eV. 
3.3.1.4 Current Density – Voltage Curves 
The PEC properties of the Bi2Ti2O7 were investigated in 1 M NaOH aqueous electrolyte 
under AM 1.5G illumination. The chopped photocurrent-voltage curve is shown in Figure 
3.4. The photocurrent onset occurs at around -0.38 V vs. Ag|AgCl, and the films showed 
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a photocurrent of 1.8 μA cm-2 at 0.23 V vs. Ag|AgCl (1.23 V vs. NHE), which increased to 
around 3 μA cm-2 up to the dark current onset at 0.7 V vs. Ag|AgCl [170].  
 
Figure 3.4 Chopped photocurrent–voltage curve of Bi2Ti2O7 produced by AACVD after 12 
h annealing at 600 °C, under AM 1.5G illumination at 100 mWcm- 2 intensity. The inset 
shows a plot of the square of the photocurrent as a function of applied potential to 
assist in the estimation of the photocurrent onset. The electrolyte used was NaOH (pH 
12) and a Pt counter electrode was also present in the 3-electrode cell.  
The photocurrent corresponds to water oxidation under illumination. Unlike other well 
studied materials such as TiO2 [170] there were no signs of recombination in the Bi2Ti2O7 
film under the chopped illumination. Usually, in the presence of recombination in an n-
type semiconductor, positive spikes in the photocurrent transients are observed under 
illumination (termed the instantaneous hole current), which decays to a steady state 
current after recombination with electrons. Then, when the illumination is interrupted, 
the hole current ceases immediately and the trapped holes recombine with electrons 
giving a current spike in the negative direction [44], [171]. The absence of these 
recombination features illustrates that the electron-hole lifetime is indeed longer in 
Bi2Ti2O7 than in TiO2 and suggests that the electron mobility may be higher in Bi based 
pyrochlores compared to TiO2 as already reported in the literature [77], [82]. Also, it is 
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known that direct band gap materials are likely to be more efficient in photocatalytic and 
PEC applications compared with indirect band gap materials as it minimizes 
recombination due to trapping of excited electrons as they move from the valence band 
to the conduction band [74].   
3.3.1.5 Flat Band Potential and Band Edge Estimates 
The photocurrent onset method can be used to estimate the flatband potential of Bi2Ti2O7 
when recombination is minimal, as seen from the inset of Figure 3.4. The flatband 
potential extracted from this can be estimated to be -0.38 V vs. Ag|AgCl. Taking in to 
account the flatband potential and the band gap, the conduction and valence band 
energies are estimated to be 0.5 V and 3.38 V vs. NHE, respectively. This indicates that 
the valence band is sufficiently positive to give a large overpotential for water oxidation. 
This preliminary work proves that pyrochlore structured thin films can be fabricated under 
moderate conditions to allow deposition on glass substrates. However, in general, despite 
the interesting properties of the Bi2Ti2O7 material, the low overall photocurrent response 
makes it impractical to use in a real world photoelectrochemical cell without further 
modification.   
3.3.2 Band Gap Tuning of Bi2Ti2O7 thin films with Fe doping   
Whilst the light absorption of BTO is undoubtedly better than that of TiO2, the size of the 
band gap is such that it is still not practical for use in a solar water splitting device. As such, 
doping experiments were conducted to investigate if the band gap of BTO thin films, 
fabricated by AACVD, could be reduced to much more favourable levels. As outlined in 
section 1.4.2.4, several studies have highlighted the effect of doping on the pyrochlore 
materials and the subsequent band gap reduction [83], [84]. If the band gap of BTO could 
be further reduced, to enhance the visible light absorption, the photoelectrode materials 
would be far more practical in a real PEC device. 
Iron acetylacetonate was chosen as the iron doping agent, as it matched well with the 
previous AACVD BTO precursors. Dopant concentrations of 0.025, 0.05, 0.1, 0.25, 0.5 and 
1.5 mol% were used in the standard BTO precursor solution. This iron dopant 
concentration range was carefully chosen to encompass an appropriate range of doping 
levels in Fe:BTO photoelectrodes. The resultant thin films were found to become 
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progressively more yellow with the increase in iron concentration in the AACVD precursor 
solution. The thin film fabricated using the precursor solution with the highest iron 
concentration (1.5 mol%) was orange/red, demonstrating significant manipulation of the 
optical absorption properties. Figure 3.5 is a photograph of various Fe:BTO samples and 
shows the range of colours achieved in this set of experiments. 
 
Figure 3.5 A photograph showing the systematic shift in colour of the Fe:Bi2Ti2O7 thin 
films. The iron acetylacetonate concentration of AACVD precursor solution was 
increased from left to right. 
3.3.2.1 UV – Visible Spectroscopy 
In order to study the optical absorption properties of the series of AACVD Fe:BTO thin 
films, UV-Visible Spectroscopy was recorded for each photoelectrode. Transmission and 
Diffuse Reflectance measurements were used to calculate the Diffuse Absorbance 
characteristics, which are shown in Figure 3.6. Tauc plots were then used to analyse the 
band gap with greater precision. It was observed that the absorption onset was 
systematically shifted to longer wavelengths with the increase of iron dopant 
concentration in the precursor solution. This corresponded with a significant decrease in 
the band gap of the thin films. Interestingly the band gap decrease was not found to be 
linearly correlated with the iron dopant concentration, as shown in the inset of Figure 3.6. 
For the low iron concentration region of the precursor solution range, a small increase of 
the amount of dopant led to an appreciable decrease in the band gap of Fe:BTO. However, 
as the dopant level is further increased it was apparent that the band gap decrease 
became relatively small. As a result, a significantly higher amount of iron dopants was 
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required to reach the smallest band gaps recorded in this study. This trend is similar to 
one observed by Wang et al. for iron doping of TiO2 powders [172]. 
 
Figure 3.6 UV-Vis diffuse absorbance for Fe:Bi2Ti2O7 with iron dopant concentrations of 
0.025mol% (Black), 0.05mol% (Red), 0.1mol% (Green), 0.25mol% (Blue), 0.5mol% (Cyan) 
and 1.5mol% (Pink). Inset: a plot of band gap vs dopant concentration using the same 
colour code with undoped Bi2Ti2O7 (grey) also shown. A clear red shift in the absorption 
onset is observed with increasing iron concentration.  
3.3.2.2 X-Ray Diffraction  
To understand how the doping affected the crystal structure, the phase and crystallinity 
of the AACVD Fe:BTO thin films were analysed by X-Ray Diffraction. Figure 3.7 shows the 
diffractograms for each dopant concentration used. Thin films made using the dopant 
concentration below 0.25 mol% were all found to present the typical reflections 
corresponding to Bi2Ti2O7 crystal planes. They include reflections for the (622), (444), 
(800), (662), (880) and (12 4 4) crystal planes (ICDD 00-032-0118), all reported in the 
literature previously  [83], [162], [173]. All of the remaining reflections can be assigned to 
the F:SnO2 substrate (ICDD 00-041-1445). It is worth noting that the reflection at 37.8° is 
likely composed of both the (662) phase for Bi2Ti2O7 and the (200) phase of FTO.  
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Figure 3.7 XRD diffractograms of Fe:Bi2Ti2O7 thin films made by systematically increasing 
the iron acetylacetonate concentration in the AACVD precursor solution to 0.025mol% 
(Black), 0.05mol% (Red), 0.1mol% (Green), 0.25mol% (Blue), 0.5mol% (Cyan) and 1.5mol% 
(Pink). A sample fabricated with just iron precursor is also included (purple). Crystal 
phases of Bi2Ti2O7 are indexed by triangles and shown in the reference pattern (ICDD 
00-032-0118). All other reflections present corresond to the crystalline phases of the 
F:SnO2 substrate.  
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At concentrations of greater than 0.25 mol%, the crystallinity appears to become less 
defined for all Bi2Ti2O7 reflections. Samples fabricated with 0.5 mol% dopant 
concentrations show only four reflections that can be attributed to the Bi2Ti2O7 
pyrochlore phase, namely the (4 4 4), (8 0 0), (6 6 2) and (8 0 0) reflections, but they are 
all smaller and poorly defined. No other reflections for the pyrochlore phase were 
observed and the remaining reflections can all be assigned to the substrate. For the thin 
film fabricated with the highest dopant concentration (1.5 mol%) no crystal phases 
corresponding to Bi2Ti2O7 were observed. This suggests that the formation of an 
amorphous thin film at relatively high iron concentration in the AACVD precursor solution. 
When the iron dopant concentration is relatively high, i.e. at 0.5 or 1.5 mol%, one may 
have expected the formation of an iron oxide (hematite) crystal phase, as has been 
previously reported for Fe:BTO powders [84]. This is expected because hematite is an 
extremely stable crystal phase and forms readily. Interestingly, however, none of the thin 
films fabricated in this study show reflections for any iron oxide phases. In order to 
investigate this further, a control sample of iron oxide was fabricated under identical 
conditions to the pyrochlore thin films (at 600°C for a 1 hour deposition period), using 
only the iron acetylacetonate precursor. One would expect this control sample to show 
strong reflections for iron oxide in the XRD diffractogram. Instead, only reflections 
corresponding to the SnO2 substrate are visible, indicating that under this particular set 
of deposition conditions, iron oxide forms in an amorphous film. The XRD data alone, 
therefore, is not sufficient to conclude whether or not iron oxide impurities are present 
in the highly-doped samples.  
3.3.2.3 Raman Spectroscopy 
In an effort to further scrutinise the series of Fe:BTO thin films and investigate the 
presence of iron oxide, Raman Spectra were recorded for each film.  
Whilst XRD tends to reveal the long-range crystallographic order of materials by averaging 
over a larger area, Raman Spectroscopy provides a much more localised probe into the 
microstructure, which highlights impurity phases more readily [174]. From the analysis of 
the Raman data some interesting insights have been obtained (Figure 3.8). The undoped 
Bi2Ti2O7 thin film shows a broad set of peaks which correlate with those observed 
Chapter 3 - Pyrochlore Semiconductor Photoanodes for Solar Water Splitting 
108 
 
previously by others for Bi2Ti2O7 and other similar pyrochlore materials [175]–[177]. 
Furthermore, evidence was also observed for the presence of TiO2,  particularly the sharp 
peak at 147 cm-1 which corresponds to the Eg vibration of the anatase lattice [174]. 
Specifically, the position of this TiO2 peak matches well with nanometre sized TiO2 
crystallites. The observation of nanoscale TiO2 in Raman spectroscopy but not in XRD 
patterns is not surprising, as Raman is more sensitive to localised impurities. The 
formation of TiO2 is likely due to the use of the reactive titanium species in the precursor 
and would not lead to decreases in the band gap of the resulting thin films. 
The control sample, fabricated solely with the iron acetylacetonate precursor, clearly 
demonstrates discrete peaks that correspond to iron oxide, specifically hematite [19]. The 
peaks at 227, 294 and 408 cm-1 combined are characteristic of iron oxide materials. This 
confirms that under the deposition conditions required for pyrochlore thin film formation, 
the control sample is composed of a mostly amorphous or nanocrystalline iron oxide layer. 
The formation of an amorphous iron oxide film of this nature is most likely due to the high 
deposition temperature used in this  AACVD methodology (600 oC), which is much higher 
than that used in making hematite thin films by AACVD usually [178]. AACVD takes place 
through a combination of heterogeneous and homogeneous reactions. Homogeneous 
reactions occur in the heated gas phase above the substrate through more rapid solvent 
evaporation and tend to form nanostructured materials [152], [164]. The heat profile in 
the AACVD deposition chamber is a key parameter in determining heterogeneous and 
homogeneous reaction pathways. In this study, we have used relatively high deposition 
temperatures (as required for the formation of the pyrochlore crystal phase), as a 
consequence the iron acetylacetonate precursor droplets may have decomposed rapidly 
in the gas phase and the overall AACVD process maybe dominated by the homogeneous 
reaction pathway, leading to nanoscale crystallites, yielding an amorphous iron oxide thin 
film. The Scanning Electron Microscopy (SEM) topographical images provide further 
evidence for the texture of the films to support this (see Figure 3.9). Critically, however, 
the amorphous iron oxide films still show peaks in the Raman spectra even when there 
are no identifiable reflections in the XRD diffractograms. 
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Figure 3.8 Raman spectra for thin films including Bi2Ti2O7 (grey), Fe:BTO fabricated with 
iron concentrations of 0.025 mol% (Black), 0.05 mol% (Red), 0.1 mol% (Green), 0.25 mol% 
(Blue), 0.5 mol% (Cyan) and 1.5 mol% (Pink), and a thin film fabricated with just the iron 
precursor (purple). Peaks that may be attributed to TiO2 (triangles) and iron oxide 
(circles) are shown for reference. No iron oxide peaks are observed in any of the 
pyrochlore samples.  
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The broad features observed for the Raman spectra of the Fe:BTO thin films indicate that 
the pyrochlore structure is less pronounced in the iron doped samples, despite a clear 
presence of the pyrochlore reflections in the XRD diffractograms recorded for the same 
films. As with the undoped Bi2Ti2O7, however, a clear TiO2 impurity is identified. For the 
sample doped with the highest concentration of iron, 1.5 mol%, very few features are 
distinguishable, further confirming the formation of a highly amorphous film under those 
conditions. What is clear, however, in all of the Fe:BTO samples is the absence of iron 
oxide peaks. As mentioned, Raman is a more sensitive technique to impurities compared 
to XRD. The fact that there was no Raman evidence for the presence of iron oxide 
impurities in any of the Fe:BTO samples indicates that the iron must have successfully 
been incorporated into the pyrochlore structure as a dopant and therefore did not form 
discrete iron oxide crystallites. In turn, this suggests that the band gap modification has 
been caused by successfully altering the electronic band structure and not through 
forming segregated iron oxide phase in the films. 
3.3.2.4 Scanning Electron Microscopy 
SEM was used to investigate the morphology of the pyrochlore thin films, as shown in 
Figure 3.9. It is clear from the SEM topography that the morphology of the films was 
virtually identical for all iron doped thin films, which correlates well with the morphology 
seen for BTO fabricated by AACVD previously [162]. The “cauliflower-like” structures were 
found to be roughly the same size throughout and no significant trend was observed with 
regards to the iron content.  
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Figure 3.9 SEM images of Fe:BTO thin films fabricated with iron precursor 
concentrations of A) 0.025 mol%; B) 0.05 mol%; C) 0.1 mol%; D) 0.25 mol%; E) 0.5 mol%; 
F) 1.5 mol% and G) a thin film fabricated with just the iron precursor. 
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It is noticeable that two films prepared using the moderate iron acetylacetonate 
precursor concentrations (0.1 and 0.25 mol%) had relatively lower porosity than that of 
the others (Figure 3.9C and Figure 3.9D). This may be due to small variations in the 
precursor flow rate or changes in position of the aerosol flow which may have occurred 
during deposition and is not expected to be related to the iron dopant concentrations. As 
expected however, the morphology of the amorphous iron oxide control sample is quite 
different, with smaller more globular particles compared to the larger cauliflower shapes 
of the pyrochlore thin films.  
3.3.2.5 Energy Dispersive X-Ray Spectroscopy 
It is understandable that the dopant concentration in the final thin film will not necessarily 
be the same as the initial input concentration, as the precursor compounds decompose 
at slightly different rates. This phenomenon has been widely reported elsewhere [179]–
[181]. Therefore, the subsequent determination of the iron content by Energy Dispersive 
X-ray Spectroscopy (EDX) is necessary, see Figure 3.10. 
For the samples doped with the lowest concentrations of iron, 0.025 and 0.05 mol% 
respectively, no iron is detectable in the EDX spectra. This is likely to be the case because 
the concentration of dopant is below the resolution of the EDX analysis. For the thin films 
fabricated with 0.1 mol% iron and above, the EDX analysis shows the gradual increase of 
the iron content, although the iron content for the 0.5 mol% thin film appears to be lower 
than the expected trend. This may be due to localised differences in composition with the 
increasing amorphicity in highly doped thin films. In all samples the atomic ratio between 
Bi and Ti does not correspond well with the stoichiometry that is present in the pyrochlore 
structure, although it is most likely that the Bi:Ti  ratio is effected by the interference of 
the TiO2 impurities detected by the Raman Spectroscopy.  
As mentioned, the pyrochlore crystal structure is of great interest due to the flexibility it 
offers to alter the electronic structure. As such, its band structure may be altered by 
appropriate control of the precursor solution (i.e. amount of dopants) and the deposition 
conditions. If this can be achieved experimentally it would allow the tuning of the optical 
bandgap, which in turn allows control over the visible light absorption (i.e. light 
harvesting). Our optical absorption study indicates that we have achieved optical band 
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gap tuning by systematically increasing the amount of dopants in the film through the 
controlled AACVD (Fig. 2). Light harvesting semiconductor electrode materials with 
tuneable optical absorbance properties are highly sought after in solar energy harvesting 
applications/devices. Therefore, the next logical step is to investigate that lowering the 
bandgap has in fact led to increased light harvesting (i.e. photocurrent density). Therefore, 
we probed the photoelectrochemical properties of our undoped Bi2Ti2O7 and Fe:Bi2Ti2O7 
thin films by recording chopped current-voltage under AM 1.5G solar simulated light.  
 
Figure 3.10 EDX of pyrochlore thin films fabricated with iron precursor concentrations 
of A) 0.025 mol%; B) 0.05 mol%; C) 0.1 mol%; D) 0.25 mol%; E) 0.5 mol% and F) 1.5 mol% 
respectively.  
3.3.2.6 Photoelectrochemical performance 
Figure 3.11 shows the current-voltage responses for the iron doped BTO thin films. Almost 
all of the iron doped samples were found to have higher photocurrents than the undoped 
BTO, reported previously [162]. The photocurrent was generally found to increase for 
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doped films up to the 0.25 mol% concentration. Further increase of the dopant 
concentration in the precursor solution (above 0.25 mol%) did not lead to any greater 
photocurrent density, despite continued reduction of the optical band gap. This is 
because photocurrent density is not only affected by the band gap but also the porosity, 
surface kinetics, recombination, thickness and crystallinity. From the XRD analysis in 
Figure 3.7, it is clear that the crystallinity is dramatically reduced at dopant concentrations 
in excess of 0.25 mol%. As this is the only other property that is observed to change with 
the increasing dopant concentration (the porosity does not change dramatically between 
samples) it seems reasonable to suggest that this is the cause for the decrease in 
photocurrent density above 0.25 mol% despite the continued reduction in the band gap.  
 
Figure 3.11 JV curves for a range of Fe doped Bi2Ti2O7 where the iron concentrations 
were 0.025 mol% (Black), 0.05 mol% (Red), 0.1 mol% (Green), 0.25 mol% (Blue), 0.5 mol% 
(Cyan) and 1.5 mol% (Pink), respectively. JV curves were measured in 1M NaOH (pH 12) 
using a Ag/AgCl reference electrode and Pt counter electrode. The scan rate was 10 
mV/s. 
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The highest photocurrent, therefore, was generated by the 0.25 mol% thin film, producing 
approximately 10 μAcm-2, which is roughly 5 times higher than the undoped BTO, at about 
0.45V vs Ag/AgCl. The 0.25 mol% thin film had a band gap of 2.5 eV which is a 0.38 eV 
reduction from the undoped BTO, which accounts for the photocurrent increase. 
Interestingly, despite the high photocurrent density exhibited by this composition, the 
photocurrent transient for this film shows a fairly sluggish photoresponse, indicated by 
the gradual incline in the current response upon illumination under the scan rate used (10 
mVs-1). A sluggish photoresponse typically indicates a slow charge transfer process, which 
in several cases have been linked to the presence of trap states that limit the charge 
extraction rate of the material [182], [183]. As this slow photoresponse does not appear 
in the thin films fabricated with lower dopant concentrations (below 0.25 mol%), it is 
therefore possible that trap states have been formed due to changes in the crystallinity 
at high dopant concentrations. Despite this slow photoresponse, the 5-fold improvement 
in the photocurrent is a clear step towards fabricating better pyrochlore photoelectrodes 
for solar energy harvesting. Further improvements to the photocurrent may be possible 
with increased crystallinity, which may be achieved with modification to the annealing 
process [170]. Additional modification to the AACVD technique, to utilise different 
solvents and precursors, could allow more mesoporous thin films to be formed [164]. It is 
also noteworthy that there is a continued lack of recombination features, as observed 
with the un-doped BTO. This emphasises that the pyrochlore materials appear to have a 
long carrier lifetime, compared to other metal oxides which show significant 
recombination.  
3.3.3 Attempts to Fabricate a Fe2Ti2O7 Pyrochlore Thin Film 
Following the fabrication of Fe:Bi2Ti2O7 and the issues arising from amorphicity at the 
highest dopant concentrations, attempts were made to directly fabricate a pyrochlore 
semiconductor thin film with a natively small band gap. A single report on Fe2Ti2O7 had 
hinted at a much smaller band gap than Bi2Ti2O7 or indeed TiO2 [85]. This report suggested 
the material had a band gap of 2 eV and as such would be extremely favourable for solar 
water splitting. The following section details attempts to fabricate Fe2Ti2O7 
photoelectrodes and the materials characterisation undertaken on the resultant thin films.  
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Two experimental procedures were attempted to fabricate the Fe2Ti2O7 phase. Method 1 
was based upon the knowledge gained from fabricating other pyrochlore materials by 
AACVD, such as Bi2Ti2O7. It utilised equimolar quantities of iron and titanium precursors 
in methanol and deposited the thin films using vertical AACVD. The second method, 
Method 2, was based around a literature report for a similar material fabricated by AACVD, 
Fe2TiO5 [153]. This method utilised horizontal AACVD and different precursor compounds. 
To affect the formation of Fe2Ti2O7 pyrochlores by Method 2, the ratio of the precursor 
compounds was altered compared to those used in the literature report to yield the 
desired stoichiometry. After deposition of thin films by both methods, it was quite clear 
that both materials had significantly smaller band gaps than the previously formed 
pyrochlore materials. Additionally, it was clear that the thin film deposited by Method 1, 
the vertical AACVD, led to a substantially thicker film than those formed by Method 2.  
 
Figure 3.12 Photographs of the thin films fabricated by method 1, the modified current 
pyrochlore AACVD method, (right) and method 2, the modified literature method, (left).  
3.3.3.1 UV - Visible Absorption Spectroscopy 
Thin films fabricated using both experimental methodologies were initially analysed by 
diffuse UV-Vis spectroscopy to ascertain their band gap energies, as shown in Figure 3.13. 
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Films fabricated by Method 2 were found to have an absorption onset at around 600 nm, 
with the band gap energy estimated to be around 2.1 eV.  
 
Figure 3.13 UV-Visible Diffuse Absorptance properties of the two samples fabricated by 
A) method 2 and B) method 1. The thin film fabricated by method 1 was extremely thick 
and as such had low transmission, increasing the uncertainty in the absorption data.  
Thin films fabricated by Method 1 were found to be much thicker than those formed by 
Method 2. As the films were so thick, light transmission was quite low, leading to greater 
Chapter 3 - Pyrochlore Semiconductor Photoanodes for Solar Water Splitting 
118 
 
uncertainty in the absorption data. For this thin film, a band gap energy of 1.79 eV was 
estimated.  
3.3.3.2 XRD  
In order to confirm the crystal phase fabricated in each case, X-Ray Diffraction was carried 
out on the samples, as shown in Figure 3.14. For both methodologies used, the resulting 
crystal structure was found to be the same, nominally the Fe2TiO5 pseudobrookite 
material and not the pyrochlore. Samples fabricated using method 1 yielded Fe2TiO5 
phases with reflections corresponding to the (200), (101), (230), (240), (002), (060), (422) 
and the (640) crystal planes respectively (ICDD 00-009-0182). Thin films fabricated using 
method 2 were found to exhibit Fe2TiO5 phases with reflections corresponding to the 
(101), (230), (400), (131), (430), (002), (060) and the (531) crystal planes respectively. All 
other reflections are due to the FTO substrate (ICDD 00-009-0182). Whilst both methods 
clearly form films with slightly different crystal phases present, the reflections in both 
cases correspond best to the Fe2TiO5 crystal structure and were not found to be a good 
match to any other. The different phases formed by the two methods is expected, as 
vertical and horizontal AACVD have very different reaction pathways that lead to thin film 
formation.  
Unfortunately, despite the dramatically different methodologies, the same crystal 
structure was fabricated under both experimental methodologies. Whilst method 1 
utilised equimolar quantities of iron and titanium precursor compounds (1:1), method 2 
used double the amount of titanium (a 1:2 iron titanium ratio). Despite this, the continued 
formation of the same Fe2TiO5 crystal phase under extremely different fabrication 
conditions indicates that the Fe2TiO5 phase is particularly stable.  
Whilst fabrication of the Fe2Ti2O7 crystal phase is undoubtedly possible in the form of a 
powder, it is not practically possible using AACVD. The preferential formation of the 
pseudobrookite iron titanium oxide phase under the limiting conditions stipulated by 
deposition on glass substrates, which limit the deposition and annealing temperatures to 
below 600 °C, makes the pyrochlore fabrication challenging. Higher temperatures may 
provide sufficient energy to reorganise the thin films into less stable crystal structures, 
but is simply not possible with standard glass substrates.  
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Figure 3.14 XRD diffraction patterns for the thin films fabricated by method 1 (Red), 
method 2 (Blue) and the Fe2TiO5 standard reference pattern (Black). Reflections 
corresponding to FTO are indicated as green squares (ICDD 00-041-1445) whilst 
reflections for Fe2TiO5 phases are indicated as black circles (ICDD 00-009-0182). Despite 
the different phases shown in the two thin films, the pseudobrookite structure still 
provides the best fit with the observed reflections in both cases.  
3.3.3.3 Current Density – Voltage Curves 
Despite the lack of formation of the desired crystal phase, the thin films fabricated by 
AACVD were analysed for the photoelectrochemical properties. A current density – 
voltage plot was measured under AM1.5G solar simulated light in 1M NaOH electrolyte 
solution. The resulting photocurrent is found to be reasonably low for an iron based metal 
oxide, with a photocurrent of approximately 20 μAcm-2 at 0.2 V vs Ag/AgCl. The hump in 
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the dark current, visible at around -0.3 V, is assumed to be due to the oxidation of reduced 
adsorbed species and often decreases over time.  
 
Figure 3.15 Current Density – Voltage curve for a Fe2TiO5 thin film fabricated by method 
1. The measurement conducted in 1M NaOH (pH 12) with a 3M Ag/AgCl reference 
electrode and a Pt counter electrode at a 10 mV/s scan rate.  
3.4 Conclusions  
Pyrochlore semiconductors have been fabricated by Aerosol Assisted Chemical Vapour 
Deposition for the first time. The crystalline structure was not found to form immediately 
after deposition, however when a lengthy annealing stage was added the pyrochlore 
crystal structure was observed. Phase pure thin film Bi2Ti2O7 photoelectrodes were 
characterised and found to have a smaller band gap, 2.88 eV, compared to TiO2, 3.2 eV. 
This confirms that the pyrochlore crystal structure can be formed in thin films under mild 
conditions, such that glass can be used as a substrate without degradation. The 
photoelectrochemical performance showed low recombination, but a lower than 
expected photocurrent. The lengthy annealing times required to fabricate the desired 
phase had led to sintering of the microstructure, reducing the porosity of the thin films, 
in turn lowering the photogenerated current density.   
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Efforts to increase the photocurrent, by reducing the band gap through doping with iron 
were undertaken. A significant modification in the band gap of the doped thin films was 
achieved with increasing iron dopant concentrations. The smallest band gap for a 
confirmed Bi2Ti2O7 phase was 2.5 eV, which is significantly smaller than the initial 2.88 eV 
of plain Bi2Ti2O7. The corresponding thin films were found to yield around 5 times greater 
photocurrent compared to plain BTO under solar simulated conditions. Further decreases 
in the band gap were achieved, albeit with a loss of defined crystallinity and a reduction 
in the photocurrent. This agrees well with the suggested hypothesis that iron will reduce 
the band gap and lead to enhancements in the photoelectrochemical properties. The 
concentration of the iron was directly linked to the band gap reduction, but experiments 
to prove the mechanism for band gap reduction (e.g. inter band energy states) were not 
investigated.    
This set of experiments suggest that pyrochlore thin films can be doped with relative ease, 
however experiments to conclude whether this occurs to a greater extent compared to 
other crystal structures were not conducted. Comparative studies with other metal oxide 
structures, such as spinels or perovskites with similar stoichiometry should be conducted 
to determine the comparative ease of doping. Furthermore, the degradation in the 
crystallinity at higher doping concentrations suggests that there is a limit to any tolerance 
that the crystal structure may possess, which is understandable, although not outlined in 
the original hypothesis.  
Finally, efforts to fabricate a pyrochlore phase with a natively smaller band gap were 
outlined. Two dramatically different methodologies were used in attempts to form the 
Fe2Ti2O7 crystal phase. Red thin films, with band gaps of 2.1 and 1.7 eV were fabricated, 
however XRD analysis determined that both of these films were in fact a Fe2TiO5 
pseudobrookite phase and not the desired pyrochlore. This set of experiments 
emphasises that not all pyrochlore materials can be readily fabricated under the mild 
conditions required to use glass as a substrate. Indeed, the formation of other compounds 
with similar stoichiometry that are more stable is an inherent issue in forming complex 
crystal structures.  
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4 Enhanced Photoelectrochemical Water Splitting using 
Oxidised Mass-Selected Ti Nanoclusters on BiVO4 
Photoelectrodes 
4.1 Summary 
In the second and third year of study, work was carried out with bismuth vanadate 
photoanodes and their subsequent modification with nanoscale clusters of titanium. 
Bismuth vanadate is well known to have poor electron transport and that the formation 
of oxygen vacancies within its crystal structure often improves these properties. The work 
in this chapter aims to prove the following hypotheses:   
• Does the addition of pure titanium, which is known to be highly reactive towards 
oxygen, onto the surface of bismuth vanadate, lead to the creation of oxygen 
vacancies in the surface of the semiconductor?  
• Furthermore, if nanoscale clusters of Ti are used, then are the number of induced 
vacancies related to the size of the nanoclusters and the number of nanoclusters 
present on the surface (the density)? 
• Do the presence of oxygen vacancies within the bismuth vanadate surface lead to 
improvements in the electron transport, a quantifiable reduction in the rate of 
recombination and an enhancement in the corresponding photocurrent for the 
treated photoanodes, as it expected from similar literature reports?  
To prove these hypotheses, bismuth vanadate thin films were fabricated by aerosol 
assisted chemical vapour deposition. The resulting thin films were then modified with the 
deposition of oxidised mass-selected (Ti)N nanoclusters (N = 923, 2000 or 8000). The 
cluster deposition was found to enhance the photocurrent from the BiVO4 
photoelectrodes and subsequent measurements allow a mechanism for the photocurrent 
increase to be proposed. The work in this chapter includes sections from 2 published 
works [61], [184].  
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4.2 Introduction 
The recent resurgence of interest in photoelectrolysis to generate solar fuels is 
underpinned by the pressing need to develop zero-carbon routes for production of 
chemical feed-stocks [37]. TiO2 has been a material of significant interest for 
photoelectrolysis since the concept was first demonstrated in 1972 [7]. The anatase form 
of TiO2 has excellent electrical and optical properties, whilst also being one of the most 
chemically stable and abundant materials for solar water splitting [14], [170], [185], [186]. 
Since then, extensive studies have been conducted to investigate light harvesting and 
catalytic properties of TiO2 [187]–[189]. Nanoscale TiO2 has also been shown to provide 
enhanced surface adsorption of reactant molecules, improved selectivity and a greater 
internal surface area [22]. Size and texture controlled TiO2 (i.e. nanotube arrays, nanorods, 
quantum dots) has been widely used for this purpose and enhanced 
photoelectrochemical properties have been reported [190], [191]. Mass-selection, in the 
1 – 10 nm size range in particular, offers greater control over particle size, surface and 
texture. Mass-selection may also offer the ability to optimise the electronic, specific 
surface and selective properties, all of which can dramatically vary with cluster size, and 
which may enhance the selectivity and rate of certain chemical reactions [192], [193]. For 
example, recently Perez-Alonso utilised mass-selected Pt clusters to study the effect of 
particle size on the activity of Pt for the oxygen reduction reaction [141]. They found a 
strong correlation between size and activity, which was linked to the number of terrace 
sites present on the Pt cluster. The work was in close agreement with theoretical 
calculations and allowed fabrication of optimally sized particles rich in desired terrace 
sites. Recently, we have shown that photoelectrolysis can be influenced by controlling the 
surface termination of the semiconductor Fe2O3 [47]. 
Notably very few investigations have been reported for the application of mass-selected 
TiO2 nanoparticles in photoelectrolysis [129], [194]–[196]. Mass control of nanoclusters 
can be achieved through careful optimisation of the production method. A wide variety 
of physical and chemical methods have been studied for production of such nanoclusters 
[197]–[202]. In particular, physical methods that produce ion beams, such as laser 
ablation and magnetron sputtering, can also utilise a mass filter, such as a quadrupole 
[203] or time of flight (TOF) mass filters [136], [204], to achieve fine resolution of cluster 
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mass. In addition, mass-selected ion beams also allow the control of coverage at 
monolayers, sub-monolayer or multilayers regimes with high accuracy by altering 
parameters such as particle mass, deposition energy and average densities. In a recent 
work, mass-selected TiO2 clusters produced using a quadrupole mass filter were 
deposited on H-terminated Si substrates and photoelectrochemical properties of these 
electrodes were studied under illumination from a Xenon lamp in 5M KOH [148]. The 
authors found enhanced photocurrent with decreasing cluster size, whereby use of 4 nm 
clusters showed nearly twice the photocurrent than 8 nm clusters. The authors attribute 
this photocurrent increase to greater surface area presented by the smaller clusters and 
an increase in amorphicity. With the exception of this, mass-selected clusters have been 
largely unused in photoelectrolysis, primarily due to the difficulty in controlling cluster 
mass accurately at the preparation stage. In fact, to the best of our knowledge, there have 
been no studies on the deposition of mass-selected Ti nanoclusters on metal oxide 
semiconductor electrode surfaces for the study of their photoelectrochemical properties. 
Herein, the photoelectrochemical study of oxidised mass-selected Ti nanoclusters 
deposited on bismuth vanadate, BiVO4, photoelectrodes is reported. In this study, a 
significant enhancement of photocurrent density of BiVO4 photoelectrodes has been 
observed through the controlled deposition and subsequent oxidation of mass-selected 
(Ti)N (N = 923, 2000 or 8000) clusters. It was found that the photocurrent enhancement 
by utilising clusters was mass dependent, with an increase of 85 % by the oxidised Ti2000±54 
clusters compared with bare BiVO4.   
4.3 Results and Discussion 
4.3.1 Fabrication and Properties of BiVO4 
Bismuth vanadate photoelectrodes were first produced by Aerosol Assisted Chemical 
Vapour Deposition by Brack et al. in 2015 [61]. The author of this thesis is a named author 
on this publication and contributed to the preparation and study of some photoelectrodes, 
but was not the lead author of the study. The work was conducted as training in AACVD. 
For that reason, a summary of the study is included here, to provide further context to 
the later work which builds upon it, but not reported in its entirety.  
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Figure 4.1 A typical X-Ray diffraction pattern for BiVO4 thin films fabricated on FTO glass 
by AACVD, with reflections for BiVO4 (green circles) and SnO2 (red triangles) [61].  
In this study, thin films of phase pure monoclinic scheelite BiVO4 were produced on FTO 
glass by Aerosol Assisted Chemical Vapour Deposition (AACVD). Although BiVO4 can form 
in several crystal phases, the monoclinic scheelite form has been found to exhibit superior 
photoelectrochemical performance, as described in section 1.4.2.3. Figure 4.1 shows a 
typical XRD pattern for a BiVO4 thin film fabricated by AACVD. Prominent peaks 
corresponding to the (011) and (112) reflections are observed, with minor peaks for (101), 
(013), (004), (200), (020), (015), (204), (024), (116), (303) and (132) also present (ICDD 01-
075-1866). The remaining reflections correspond to the FTO substrate (ICDD 00-041-
1445). 
Additional materials characterisation by Raman Spectroscopy and EDX spectroscopy 
provided further evidence of the thin films’ composition, which exhibited a 1.05:1 Bi:V 
atomic ratio. SEM analysis of BiVO4 shows a porous structure with columnar shaped 
particles of between 75 – 200 nm in diameter. An example of the structure of BiVO4 
photoelectrodes is shown in Figure 4.2.     
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Optical characterisation techniques, including UV-Visible Absorbance spectroscopy, were 
used to determine the band gap of as-deposited thin films, which was found to be 2.44 
eV. This value matches closely with previously reported literature values. Finally, the 
photoelectrochemical properties of the as-deposited thin films were analysed by JV 
curves, IPCE and stability measurements. The resulting JV curves showed good 
photocurrent, with a value of approximately 0.4 mAcm2 achieved at 1.23 V vs RHE and 
photocurrent onsets of approximately 0.6 V vs RHE typical for fabricated thin films, as 
shown in Figure 4.3. This was found to be reasonably good when compared to other 
literature for plain BiVO4, most likely due to the high surface area that is common for 
materials fabricated by vertical-AACVD. Frequently, photoelectrodes are modified with 
catalysts or various surface treatments in an effort to improve certain properties of the 
underlying semiconductor. Mass selected clusters, as discussed previously in section 
1.4.4.3, are interesting as they may have properties unlike bulk materials or atoms. The 
modification of semiconductors with mass-selected clusters, therefore, was of significant 
interest. The use of BiVO4, a widely studied photoanode material, was a logical choice.  
 
Figure 4.2 SEM image of a typical AACVD fabricated BiVO4 morphology. 
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Figure 4.3 JV curve for an as-deposited AACVD produced BiVO4 photoelectrode under 
solar simulated light. The inset shows the steady-state photocurrent stability 
measurement with a BiVO4 photoelectrode held at 1.23V vs RHE for 20 minutes. 
Measured in a 3-electrode cell with a Pt counter electrode and a Ag/AgCl reference 
electrode in 1M sodium sulfate electrolyte.  
4.3.2 Nanocluster Fabrication and Tuning 
Ti was chosen as a target material for developing nanoscale clusters. As discussed in 
chapter 3, TiO2 is a widely-studied semiconductor for water splitting and has also been 
used in protective surface treatments previously. This work was exploratory and Ti was 
chosen as the first of potentially many materials that could be studied. Initially, study of 
the cluster production was required. Understanding how the pressure, condensation 
length and other parameters in the cluster source affected the size of clusters fabricated 
was essential for later mass selectivity. Additionally, pure Ti is known to be highly reactive 
towards oxygen and may facilitate the formation of oxygen vacancies within the BiVO4 
lattice, something of great interest.  
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Figure 4.4 A mass spectrum covering a low mass range, showing the presence of Ti1 – 
Ti8. The peak at approx. 80 amu is attributed to surface oxide on the target, which is 
removed after a period of sputtering. 
 
Figure 4.5 Mass spectrum after a short period of sputtering, showing the absence of the 
target oxidation peak for TiO2 (at 80 amu), confirming its removal. 
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Figure 4.6 Mass spectra showing the optimisation of cluster beam production with 
tuning parameters set for cluster sizes of Ti700 (black), Ti2000 (red), Ti4000 (green), Ti5000 
(orange) and Ti10000 (blue). 
Mass-selected Ti nanoclusters were prepared by a DC-sputtering gas-aggregation cluster 
beam source and a schematic of the cluster source is shown in Figure 2.4. Detailed 
description of the operation of the cluster source is provided in the experimental methods 
chapter (section 2.5). Mass analysis of Ti nanoclusters (prepared by the DC-sputtering gas-
aggregation cluster beam source) was conducted using an in-built mass spectrometer. 
Relatively small mass-controlled Ti nanoclusters (in the range of 2 – 8 atoms per cluster) 
can be readily produced by utilising the pressure ~ 0.54 mBar in the generation chamber, 
whilst keeping all other parameters constant, as shown in Figure 4.4. It can be noted that 
a small peak at approx. 80 amu is observed for TiO2. This is due to oxidation on the surface 
of the Ti target. After a short period of sputtering, this peak is removed, as shown in Figure 
4.5.  
By increasing the pressure in the generation chamber up to 4.5 mBar, the atomic mass 
distribution of nanoclusters can be increased. The longest aggregation distance available 
in the cluster source was 250 mm. This value was used throughout in order to facilitate 
production of larger clusters. The shift in the peak in beam current, as shown in Figure 4.6, 
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shows that the key parameters, such as pressure, ion optics and aggregation distance, can 
be tuned to favour the production of clusters with a larger mass. Thus, by controlling these 
parameters, mass-selected Ti clusters can be tuned for, and produced, with up to 10,000 
Ti atoms per cluster. The diameter of individual titanium clusters has been estimated 
using a spherical cluster approximation and the bulk density of Ti, leading to values of 
3.14, 4.07, and 6.5 nm for Ti923±25, Ti2000±54, and Ti8000±216 clusters, respectively [205].  
  
 
Figure 4.7 (A – C) HAADF STEM images of oxidised nominal Ti923±25, Ti2000±54 and Ti8000±216 
clusters, respectively (1M x magnification). Corresponding high magnification bright 
field STEM images are given in the inset of each image with a 5 nm scale bar. 
Mass-selected Ti clusters were deposited onto graphene oxide coated TEM grids to allow 
visualisation of the clusters by high-angle annular dark field (HAADF) scanning transition 
electron microscopy (STEM) [142], [143], [206]. Samples were not protected prior to 
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imaging, i.e. the conditions are similar to those used for cluster deposition on BiVO4 
photoelectrodes. It is therefore expected that Ti nanoclusters will have undergone full 
oxidation and be converted to TiO2 clusters. In fact, this has been experimentally 
confirmed by XPS analysis. 
From close inspection of Figure 4.7 A, B and C, one can discern the difference in shape of 
the clusters with the increasing cluster size. Small clusters, such as Ti923±25, appear to be 
quasi-spherical whilst larger clusters, such as Ti8000±216, are far more irregular in shape. 
This change in shape can be attributed to the cluster formation mechanism in the 
condensation chamber, where the larger clusters are formed by merging several smaller 
clusters [207]. High magnification STEM images of the oxidised clusters (given in inserts 
of Figure 4.7A, B and C) provide evidence that the deposited clusters are amorphous.  
Analysis of the HAADF intensity can be used to determine the size distribution of clusters 
present on the TEM grids, since the intensity distributions are proportional to the 
nuclearity for a given stoichiometry [142], [207]. From Figure 4.8 it is clear that nominal 
Ti923±25 and Ti2000±54 samples have more narrow size distributions, whilst Ti8000±216 has a 
much broader distribution. The Full-Width Half-Maximum (FWHM) values for the nominal 
Ti923±25, Ti2000±54 and Ti8000±216 clusters are in all cases very much larger than the nominal 
size ranges and are equivalent to 456.7, 504.2 and 1196.0 Ti atoms, respectively. The main 
reasons likely responsible for the differences in the widths are (i) the additional 
broadening error associated with the STEM intensity measurements including 
background subtraction and (ii) some tendency for aggregation or limited sintering of the 
clusters on the surface in high coverage areas. The peak at 4000 atoms for the Ti2000±54 
clusters may be a combination of binaries created by coalescence and double 
mass/double charge clusters transmitted by the mass filter [208]. Figure 4.9 is provided 
to show detail on the image processing technique used to define the edges of the clusters, 
known as thresholding, which allows greater accuracy in the intensity distribution analysis.  
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Figure 4.8 Intensity distribution of as-deposited mass-selected Ti clusters calculated 
from HAADF intensity data normalised to the number of Ti atoms present in the cluster. 
The double peak for Ti2000 clusters is indicative of double charged double mass species 
or of agglomeration of clusters after deposition.  
 
Figure 4.9 An example of the image processing technique, thresholding, which allows 
more accurate determination of the edge of clusters. Image shown for Ti2000 clusters and 
Ti8000 respectively. 
4.3.3 Surface Modification of BiVO4 with Mass-selected Ti Nanoclusters 
XPS analysis was carried out on bismuth vanadate photoelectrodes coated with the mass-
selected Ti923±25 and Ti2000±54 clusters to determine the elemental composition on the 
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surface before and after the photoelectrochemical measurements. A prominent peak for 
Ti 2p3/2 is observed at 458.48 eV (Figure 4.10A) for Ti2000±54 clusters deposited on BiVO4. 
Previous reports indicate that Ti 2p3/2 peaks at 458.8 eV represent Ti4+ in TiO2, around 457 
eV for TiO and 454 eV for Ti metal [209], [210]. Thus, the peak at 458.48 eV suggests 
clusters have fully oxidised to form TiO2. The surface of Ti is known to readily oxidise and 
form its native oxide. Our XPS data provides evidence to suggest that, in atmospheric 
conditions, clusters of the size range used in this study undergo complete oxidation 
shortly after being removed from the high vacuum chamber [143]. The peak present at 
464 eV in Figure 4.10 corresponds to an overlap between Ti 2p1 and Bi 4d3. 
 
Figure 4.10 XPS spectra for BiVO4 deposited with A) Ti2000±54 clusters deposited on BiVO4 
with a peak corresponding to Ti2p3 (458 eV); B) Ti2000±54 clusters deposited on BiVO4 
with peaks for oxygen at 529 eV and 531 eV corresponding to BiVO4 and TiO2, 
respectively; C)  Ti2000±54 clusters recorded after photoelectrochemical measurements; 
D) Ti923±25 clusters deposited on the surface after photoelectrochemical measurements. 
All samples were deposited with an average cluster density of 3.5 x 1010 clusters per 
mm2.  
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Prominent peaks at 529.88 and 531.88 eV correspond to oxygen in the BiVO4 and TiO2, 
respectively (Figure 4.10B) [62]. Ti peaks can still be seen on samples that have undergone 
photoelectrochemical measurements in liquid electrolytes, as shown in Figure 4.10C. This 
suggests that clusters are well adhered to the surface of BiVO4. For samples deposited 
with smaller clusters, such as Ti923±25, Ti peaks are seen in the same energy range, although 
at a lower intensity (Figure 4.10D). Imaging clusters by microscopic methods on the 
surface of BiVO4 photoelectrodes was difficult due to their smaller size, however XPS 
provides sufficient evidence for the presence of clusters on the surface. Figure 4.11 
contains the XPS survey, which shows all peaks observed in the spectrum.  
 
Figure 4.11 XPS survey spectrum for a BiVO4 sample with Ti2000±54 clusters. Clusters were 
deposited with an average density of 3.5 x 1010 clusters per mm2. 
The photoelectrochemical properties of bismuth vanadate photoelectrodes modified 
with mass-selected oxidised Ti clusters were studied by recording steady-state current 
density – voltage plots under AM1.5 simulated light. Electrodes were illuminated from the 
substrate side. The illumination was interrupted periodically, known as chopping, in order 
to observe the light and dark current simultaneously. A typical “chopped” J-V curve 
recorded for a BiVO4 electrode modified with Ti2000±54 clusters is shown in Figure 4.12.  
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Provided there are no other redox reactions occurring, the photocurrent is representative 
of the degree of oxygen evolution reaction (OER) occurring at the BiVO4 – electrolyte 
interface. Deposition of mass-selected nanoclusters has resulted in an increase of the 
photocurrent density of BiVO4 over almost the entire potential window investigated. The 
percentage photocurrent increase is not uniform throughout the potential window, with 
a greater percentage increase observed at relatively low applied voltages for the modified 
BiVO4 electrode. The absence of extra redox features in the dark after incorporation of 
the clusters on the BiVO4 electrode surface indicates that only the light induced-charge 
transfer at the interface is influenced by the addition of clusters.  
 
Figure 4.12 Chopped J-V curves showing BiVO4 with (black) and without (red) Ti2000±54 
clusters deposited at 3.5 x 1010 clusters per mm2. The photocurrent response is found 
to be enhanced with cluster deposition, but no catalytic shift is observed. JV curves are 
measured in 1M sodium sulfate with a Pt counter electrode and a Ag/AgCl reference 
electrode at 10 mV/s scan rate.  
Interestingly, the enhancement of photocurrent is observed for all sizes of mass-selected 
clusters used in our study. However, a characteristic negative shift of the photocurrent 
onset corresponding to a catalytic effect was not seen [211]. This indicates that the role 
of clusters may not be catalytic in nature. But the enhancement of the photocurrent 
suggests the clusters could be influencing charge transfer kinetics favourably at the 
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electrode/electrolyte interface. It is well known that the kinetics of the OER are slow, as 
four electrons are required to produce one molecule of O2. In fact, the kinetic bottleneck 
of OER is one of the key limiting factors in the overall photoelectrolysis [44]. Figure 4.13 
and Figure 4.14 show the JV curves for Ti923 and Ti8000 cluster modified BiVO4 samples.  
 
Figure 4.13 Chopped J-V curves showing BiVO4 with (black) and without (red) Ti923±25 
clusters deposited at 3.5 x 1010 clusters per mm2. JV curves are measured in 1M sodium 
sulfate with a Pt counter electrode and a Ag/AgCl reference electrode at 10 mV/s scan 
rate. 
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Figure 4.14 J-V curve showing BiVO4 with (black) and without (red) Ti8000±216 clusters 
deposited at 3.5 x 1010 clusters per mm2. JV curves are measured in 1M sodium sulfate 
with a Pt counter electrode and a Ag/AgCl reference electrode at 10 mV/s scan rate. 
 
Figure 4.15 The percentage increase in photocurrent vs cluster size at two different 
potentials, 1.23V (black) and 1.9V (green) vs RHE measured with a Pt counter electrode 
and a 3M Ag/AgCl reference electrode.  
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Our observations also indicate that the photocurrent enhancement is dependent on the 
size of the mass-selected clusters used to modify the BiVO4 surface. As demonstrated in 
Figure 4.15, the highest photocurrent increase is obtained when the BiVO4 electrode 
surface is modified with Ti2000±54 clusters. This accounts for an 85 % photocurrent 
improvement at 1.23V vs RHE.  
Control experiments were conducted to investigate the photoelectrochemical properties 
of mass-selected Ti-nanoclusters themselves, whereby Ti2000±54 mass-selected clusters 
were deposited on bare fluorine-doped tin oxide conducting glass substrates at a density 
of approximately 3.5 x 1010 clusters per mm2 (Figure 4.16). These control samples showed 
no photoresponse under identical 3-electrode measurement conditions to that of BiVO4 
samples. This suggests that the TiO2 nanoclusters used in this study are neither 
photoactive per se, nor acting as photosensitisers for BiVO4, which agrees well with the 
literature [212].  
 
Figure 4.16 J-V curve for FTO coated glass deposited with (red) and without (black) 
Ti2000±54 clusters at an average density of 3.5 x 1010 clusters per mm2. No photocurrent 
response is observed, indicating the nanoclusters are not photoactive under the applied 
conditions.  
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UV visible absorbance spectroscopy was also used on BiVO4 photoelectrodes modified 
with Ti2000±54 clusters as a control experiment to see if the absorbance spectrum was 
altered by the addition of the clusters. Figure 4.17 shows the UV visible absorbance 
spectra and highlights that there is no difference before and after cluster deposition that 
is not due to instrument noise. As such, the control experiments strongly suggest that the 
nanoclusters are not directly interacting with the incident photons or sensitising the BiVO4, 
but are causing the photocurrent enhancement in some other way.   
 
Figure 4.17  UV-Visible absorbance spectra for BiVO4 photoelectrodes with (black) and 
without (red) Ti2000±54 clusters. No significant change in the optical absorbance is seen, 
indicating that the nanoclusters do not sensitise the BiVO4 photoanodes.  
In order to further investigate the increased photocurrent density after incorporation of 
clusters on the BiVO4 electrode surface, the effect of photocurrent enhancement as a 
function of average density of clusters was studied. The average density of Ti2000±54 
clusters was varied from between 0.2 and 7.5 x 1010 clusters per mm2 by preparing a series 
of identical BiVO4 electrodes containing appropriate cluster densities. In order to evaluate 
the photocurrent enhancement over the entire voltage window used, two representative 
voltages were selected (1.23 V and 1.9 V vs RHE). As shown in Figure 4.18, the percentage 
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photocurrent increase resulting from Ti2000±54 cluster deposition on BiVO4 as a function of 
average density was analysed at both 1.23 V and 1.9 V vs RHE. The highest increase of 
photocurrent density for 1.23 V and 1.9 V vs RHE was observed when the average density 
of clusters is adjusted to 3.5 x 1010 per mm2. The increase in photocurrent density is 85 
and 50 % for 1.23 V and 1.9 V vs RHE, respectively.  
 
Figure 4.18 Percentage photocurrent change resulting from Ti2000±54 cluster deposition 
on BiVO4 as a function of average density. Photocurrent analysed at 1.23V (Black) and 
1.9V (green) vs RHE with a Pt counter electrode and a 3M Ag/AgCl reference electrode.  
An average density of 3.5 x 1010 clusters per mm2 provides a footprint which would be 
approximately equivalent to 0.4 monolayers of Ti2000±54 clusters on an atomically flat 
surface, using diameters from the spherical cluster approximation. This density 
represents the deposition of only 2.8 x 10-7 g of metal on the surface. A decrease in the 
photocurrent observed for the highest average density used (7.5 x 1010 clusters per mm2) 
could be attributed to the blocking of the BiVO4 surface to the water splitting reactions, 
leading to a dramatic increase in recombination.  
Attempts were made to measure the Absorbed Photon Conversion Efficiency (APCE) of 
BiVO4 photoelectrodes before and after cluster deposition in an effort to gain greater 
understanding of the effect mass-selected clusters had on the photoelectrochemical 
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behaviour. Although BiVO4 is a promising photoanodic material, it also known to have less 
than ideal photostability [213]. Unfortunately, it was found that the long measurement 
times, required for accurate photocurrent measurements (required to calculate APCE), 
caused degradation of our BiVO4 electrodes. Stability measurements for BiVO4 electrodes 
were conducted under blue and white light illumination to evaluate their stability. Figure 
4.19 and Figure 4.20 show a series of JV curves for the same BiVO4 photoelectrode 
measured under blue light and white light, respectively. The constant decrease, 
particularly under white light illumination, make lengthy measurements particularly 
difficult for AACVD produce BiVO4 photoelectrodes. This matches well with the stability 
data for BiVO4 under solar simulation, outlined in Figure 4.3.  
 
Figure 4.19 Multiple linear sweep voltammograms showing the relative stability of the 
BiVO4 photoelectrodes under blue light illumination. Measured in 1M sodium sulfate 
with Pt counter electrode at 10 mV/s scan rate. After an initial drop, the photocurrent 
is found to continue along the same trace for several scans, indicating less degradation 
compared to white light.  
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Figure 4.20 Multiple linear sweep voltammograms showing the relative stability of 
BiVO4 photoelectrodes under white light illumination. Measured in 1M sodium sulfate 
with Pt counter electrode at 10 mV/s scan rate. The photocurrent trace is observed to 
decrease after every scan, indicating significant and continuous degradation under 
white light illumination.  
In an effort to further understand the mechanism for the photocurrent increase, 
photoelectrochemical impedance spectroscopy was carried out on the BiVO4 
photoelectrodes modified with oxidised mass-selected Ti clusters. Figure 4.21 shows the 
Nyquist plots for BiVO4 photoelectrodes before and after deposition of Ti2000±54 clusters 
deposited at 3.5 x 1010 clusters.mm-2 average density. The data was fitted with an 
equivalent circuit, with circuit components for the solution resistance, Rs, the charge 
transfer resistance, Rct and a constant phase element for the semiconductor-electrolyte 
interface, as shown in the inset of Figure 4.21. An arc is seen in the Nyquist plot which 
corresponds to the charge transfer resistance between the electrode-electrolyte interface. 
Rct is calculated by subtracting the low frequency x-axis intercept from the high frequency 
x-axis intercept [213]. Thus, Rct can be calculated as 110 kΩ and 78 kΩ for before and after 
cluster deposition, respectively. This clear decrease in the charge transfer resistance, of 
over 30 kΩ, indicates that the number of holes reaching the electrolyte has increased. It 
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is possible that the decrease in charge transfer resistance is caused by an improvement in 
the electron mobility [214].  
 
Figure 4.21 Nyquist plot for BiVO4 photoelectrodes measured under blue light 
illumination at 1.23V vs RHE, with (Red) and without (black) Ti2000±54 clusters deposited 
at an average density of 3.5 x 1010 clusters per mm2. PEIS is measured in 1M sodium 
sulfate with Pt counter electrode and a 3M Ag/AgCl reference electrode. 
Further understanding of the reaction kinetics on our electrodes via PEIS and 
phenomenological models would be ideal [43], but is hindered by the nanostructured 
morphology of these electrodes which leads to non-ideal behaviour of the space charge 
layer and poor photostability of the semiconductor material for lengthy measurements.  
4.3.4 Mechanism for Photocurrent Enhancement 
Determining the precise mechanism for the photocurrent enhancement on TiO2 
nanocluster modified BiVO4 photoelectrodes has been challenging due to complications 
arising from stability issues; PEIS studies of BiVO4 require samples to be illuminated for a 
prolonged period of time. Furthermore, the use of nanostructure photoelectrodes 
complicates PEIS analysis. One potential route for photocurrent enhancement of the 
BiVO4 electrodes, that has been suggested in previous studies, is an increase in the band 
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bending at the BiVO4 – electrolyte interface [215], [216]. Increasing the band bending at 
the BiVO4 – electrolyte interface will enhance the electron – hole separation, thus 
reducing photogenerated charge carrier recombination, increasing the photocurrent 
[217]. Band bending from small Schottky contacts on a semiconductor can extend laterally 
a great distance from the contact itself, therefore it is reasonable to assume that the 
clusters, even with their small size, have a wide reaching affect, possibly to a depth ten 
times the contact diameter, over the surface of the BiVO4 [218]. 
 
Figure 4.22 Schematic illustration outlining the photocurrent enhancement mechanism 
of different sized clusters on the surface of BiVO4.  
Another potential explanation for the photocurrent increase could be that mass-selected 
cluster deposition introduces more oxygen vacancies into the BiVO4 thin film, primarily at 
the surface. It is well known that oxygen vacancies in BiVO4 lead to the introduction of 
mobile electrons, enhancing electron transport and therefore reducing the bulk 
recombination [58], [219]. In BiVO4 the majority charge carrier transport is much slower 
than the minority carrier transport. In the high vacuum environment of the cluster source, 
when bare Ti clusters land on BiVO4, they would become partially oxidised by reacting 
with oxygen from the surface of the BiVO4 lattice, partially reducing the BiVO4 surface. 
This is supported by the Ti – O bond dissociation energy being greater than the V – O bond 
dissociation energy (666.5 kJmol-1 and 637 kJmol-1, respectively) [220]. In this scenario, 
the number of oxygen vacancies introduced into the BiVO4 will depend on the surface 
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area of the semiconductor that is in contact with the Ti cluster during deposition. Small 
clusters, such as Ti923±25, would introduce fewer oxygen vacancies compared to larger 
clusters, such as the Ti8000±216, when deposited at the same density, as less Ti from the 
clusters would be in contact with the BiVO4. It is possible, however, that the larger clusters 
also screen parts of the surface, preventing the available photogenerated charge to 
undergo the water oxidation reaction. This may explain why the medium sized cluster is 
seen to provide the highest photocurrent enhancement, as two competing effects, the 
introduction of oxygen vacancies and the screening of the surface, both occur 
simultaneously. If this mechanism is correct, then the size dependency is essentially an 
extension of the coverage effect, which is also shown in this work. 
This proposed mechanism also explains the density dependence of the photocurrent 
enhancement. In this case fewer clusters (1x1010 clusters.mm-2) would lead to fewer 
oxygen vacancies compared to a greater number of clusters, such as 7.5x1010 clusters.mm-
2. Again, critically, too many clusters present on the surface would screen it to the water 
oxidation reaction, which in the case of 7.5x1010 clusters.mm-2 actually leads to a decrease 
in the photocurrent. We believe that even though the interaction is potentially 
determined through the degree of surface contact with the Ti clusters during deposition, 
the most accurate way of manipulating this mechanism is through control of the size of 
the nanoclusters, achieved with the cluster source mass filter, rather than relying on the 
density of clusters. Small changes in the cluster mass will allow incremental changes to 
the surface coverages more accurately than using the average cluster density. Thus, our 
observation is that the cluster size dependent effect appears to be dominant.  
4.4 Conclusions 
In summary, this work demonstrates that the deposition of a remarkably small quantity 
of mass-selected clusters on the surface of a semiconductor substrate can lead to a 
significant change in its photoelectrochemical properties. As predicted, the deposition of 
titanium onto the surface of bismuth vanadate led to a significant modification to the 
properties of the semiconductor thin film. Whilst the corresponding enhancement in 
photocurrent, with no observation of catalytic effects, suggests a change to the electron 
transport properties and therefore a likely presence of oxygen vacancies, the exact cause 
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of the enhancement could not be determined. Furthermore, the presence of oxygen 
vacancies could not be quantified or corroborated in the BiVO4 thin films. A size and 
density dependency was found to exist for the photocurrent enhancement with the 
deposition of Ti nanoclusters. Ultimately an 85 % improvement was seen in the 
photocurrent of BiVO4 with Ti2000±54 deposited at approximately 0.4 monolayers. This size 
and density dependent behaviour matches well with our hypothesis, although further 
study with more cluster sizes and densities will be essential to determine the optimum 
coverage. This behaviour indicates a mechanism through which the Ti reacts with the 
oxygen in the surface of the BiVO4 lattice, forming oxygen vacancies, the number of which 
is directly related to the surface contact between the Ti nanoclusters and the 
semiconductor surface. As oxygen vacancies enhance the electron transport properties, 
this is potentially the cause for the photocurrent enhancement. Critically, some of the 
surface must be left exposed for the water splitting reactions, which is why the 
photoactivity decreases at higher loadings.  
Unfortunately, challenges with the stability of BiVO4 and the morphology prevented 
quantitative analysis of the rate of recombination for greater understanding of the 
kinetics of the photocurrent enhancement phenomena. Nevertheless, this method for 
modifying the surface of BiVO4 is of interest and the methodology could be used for 
similar treatments of other semiconductors in the future.  
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5 Fabrication of Tuneable Band Gap Composite Indium 
and Gallium Nitrides 
5.1 Summary 
In the final two years of study, work was conducted on III-nitride photoanodes. The III-
nitride system presents the opportunity to tune a thin film’s band gap within a theoretical 
range of 0.7 – 3.4 eV, and is therefore extremely promising for photoelectrochemical 
water splitting. The work within this chapter aims to prove the following hypotheses:  
• Is it possible to fabricate III-nitride thin films by an aerosol assisted CVD technique, 
under moderate conditions on glass substrates, whereby the resulting film 
composition will be directly proportional to the relative flow rates of the precursor 
solutions? 
• Furthermore, are the resulting thin films found to be primarily formed from an 
InxGa1-xN alloy phase, where x is directly proportional to the precursor flow rates, 
with little in the way of impurity phases present? 
• Do the optoelectronic properties of the resulting alloy phase vary directly with the 
stoichiometry, as suggested by the literature? 
• Do any thin films with greater light absorption have superior PEC properties and 
yield greater photocurrents for the water splitting reactions? 
• Finally, do modifications to the aerosol direction and the deposition parameters 
have a direct and quantifiable effect on the morphology of the resulting thin films, 
whilst maintaining the crystallinity and stoichiometry, such that optimisation for 
photoelectrochemical water splitting is possible? 
In order to prove these hypotheses, InN, GaN and composite indium gallium nitride thin 
films were fabricated by AACVD in a simple and controllable way. Through systematic 
variation in the indium and gallium precursor flow rates the composition of the thin films 
could be varied. Further efforts to adapt the procedure to utilise vertical-AACVD is also 
outlined, in an effort to optimise the materials for solar water splitting. Part of this work 
has been submitted for publication in Chemistry of Materials.  
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5.2 Introduction 
III-nitride semiconductors, particularly based on indium and gallium, are widely 
recognised as being some of the most promising materials for a huge number of future 
electronic and optoelectronic applications [221]. GaN is the most studied III-nitride 
material and its superior chemical and physical stability makes it an ideal semiconductor 
for use in more harsh environments [222], [223]. Its excellent thermal stability, coupled 
with its ability to form a high mobility two dimensional electron gas (2DEG), make GaN an 
excellent candidate for replacing silicon in many future high-frequency powder devices 
[224]–[227].  In addition to the excellent electronic properties, the wide band gap of GaN 
means it also forms the basis of the incredibly successful violet laser diodes (LDs) and blue 
and green light emitting diodes (LEDs), achieved by alloying with indium, which are found 
at the heart of most modern optical data storage technologies [92], [228], [229]. 
Comparatively, InN has been less well studied, but holds huge promise as a future 
electronics material. The material has favourable electron transport characteristics and a 
small effective mass, such that would be ideal for high-speed electronic devices [230]. 
Furthermore, the small and direct band gap of the material, between 0.6 – 0.7 eV, makes 
it ideal for use in photovoltaics, LEDs and photoelectrochemistry [231], [232]. The 
material also has high intrinsic surface charge accumulation as well as a high 
concentration of electrons which makes them highly promising as sensors [233].  
Fabrication of single crystals of both InN and GaN have often been achieved using highly 
controlled physical methods such as Molecular Beam Epitaxy [234], Metal-Organic Vapour 
Phase Epitaxy [235], High-Pressure Chemical Vapour Deposition [236], Atomic Layer 
Deposition [237] and Reactive Sputtering [238], many of which are regarded as being 
expensive and difficult to deposit over a large area. Moreover, careful selection of 
substrates is often required as a large mismatch in the lattice constants and thermal 
expansion coefficients  exists for many common substrates [239]. Polycrystalline InN and 
GaN thin films also have the potential to be utilised for a large number of applications and, 
critically, can be deposited over a very large area on a variety of substrates [240]–[245]. 
Despite the high density of dislocations generally associated with polycrystalline InN and 
GaN, highly efficient LEDs have still been achieved [246]. The less stringent requirements 
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of polycrystalline films may also improve the ability to form alloyed InxGa1-xN materials, 
which could have applications in solar cells, thermoelectrics and photoelectrochemistry. 
Alloys with high indium contents have typically been difficult to fabricate, due in part to a 
solid phase miscibility gap that exists between the InN and GaN phases [95]. Additionally, 
the lattice constants of those materials differ significantly, leading to the formation of 
materials with poor crystalline quality [94]. Polycrystallinity may potentially offer a means 
to reduce the crystallographic strain, improving alloy formation.  
One of the most practical methods for the preparation of polycrystalline thin films on a 
large scale is chemical vapour deposition [149], [151].  Moreover, AACVD, a variant of the 
CVD technique which utilises aerosol droplets to transfer precursors to the heated 
substrate, is one of the best methods for fabricating mesoporous polycrystalline thin films 
as requirements on precursor volatility and thermal stability are completely negated [61], 
[149], [162], [247]. The AACVD technique is outlined in detail in section 2.3.  
In this study, polycrystalline InN, GaN and InxGa1-xN composite thin films were successfully 
fabricated on fluorine-doped tin oxide coated glass substrates by AACVD. Although it was 
difficult to directly prove the formation of an InxGa1-xN alloy phase by high resolution X-
ray diffraction measurements, due to the polycrystalline nature of the thin films, optical 
and electrical measurements indirectly suggested its formation. For example, a significant 
modification to the band gap could be achieved through changes to the indium content 
of the thin films, realised by modulation the ratio of precursor flow rates in the thin film 
fabrication process. A calibration plot for the composition was created with respect to the 
flow rates for facile tuning of the band gap. Additional materials, electrical and optical 
testing were also carried out on the polycrystalline thin films, highlighting a range of 
interesting properties.   
5.3 Results and Discussion 
5.3.1 InN, GaN and Composite InxGa1-xN Fabricated by AACVD 
Group III nitride thin films, specifically InN and GaN, have proven extremely difficult to 
grow under the same conditions on practical substrates, as they typically require 
significantly different growth temperatures: 500 °C or below for InN and above 750 °C for 
GaN [248]. Moreover, the successful formation of an InxGa1-xN alloy phase, which is highly 
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sort after in the fields such as solar cells and thermoelectrics, is critically dependent on 
the formation of InN and GaN under the same conditions. Aerosol Assisted Chemical 
Vapour Deposition was used to successfully deposit polycrystalline InN, GaN and 
composite thin films at 600 °C on fluorine-doped tin oxide coated glass. 
5.3.1.1 Phase and Crystallinity 
X-Ray Diffraction was used to characterise the phase and crystallinity of the nitride thin 
films. Diffraction patterns for the as deposited thin films are shown in Figure 5.1 and 
Figure 5.2. For samples fabricated with 100 % indium precursor, InN reflections 
corresponding to the (100), (002), (101), (102), (110), (103), (200) and the (201) crystal 
phases were observed (ICDD 01-070-2547). Several reflections can also be assigned to the 
formation of In2O3, specifically the (012), (110), (024), (300) and the (220) crystal phases 
(ICDD 00-022-0336). All other reflections observed can be attributed to the FTO substrate 
and include reflections for the (110), (101), (200), (211), (002), (310) and (301) crystal 
phases respectively (ICDD 00-041-1445). Interestingly no metallic indium phases are 
observed in the InN thin films. Indium nitride is known to have a low decomposition 
temperature, around 550 °C, which usually leads to the formation of indium droplets and 
phase separation, particularly at the surface [249]. Previous studies have suggested that 
the surface segregation can be reduced by growth in a nitrogen-rich environment, which 
is similar to the conditions under which the thin films are grown by horizontal AACVD in 
our case [250]. Furthermore, metallic indium readily bonds with oxygen and as it is not 
possible to guarantee complete oxygen removal from the apparatus we used, it is possible 
that any indium droplets that do form may undergo rapid oxidation, forming the In2O3 
phases that we observed [251].  
GaN thin films were also fabricated, corresponding to the 0 % indium precursor flow rate 
samples, as shown in Figure 5.2. For these thin films, GaN reflections corresponding to 
the (100), (002), (101), (102), (110), (103) and the (112) were all observed (ICDD 01-076-
0703). Again, all remaining reflections observed were attributed to the FTO substrate. As 
expected, in accordance with the literature, the GaN reflections are broad indicating a 
greater number of defects and a poorer crystal structure, potentially caused by the lower 
growth temperature [252], [253]. Additionally, some of the crystal reflections may have a 
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slight shift compared to their expected positions, which again indicates expansion or 
contraction within the crystal lattice caused by defects.   
 
Figure 5.1 XRD patterns for thin films with high indium content as determined by the 
deposition flow rate including A) 65 % In (Cyan); B) 89 % In (Pink) and C) 100 % / InN 
(Purple). The InN reference pattern is shown in black at the bottom of the figure (ICDD 
01-070-2547). Reflections corresponding to FTO (squares), InN (circles) and In2O3 
(diamonds) are highlighted in all diffractograms. 
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Figure 5.2 XRD patterns for low indium composite thin films as determined by the 
deposition flow rate including D) 50 % In (Blue); E) 35 % In (Green); F) 11 % In (Red); and 
G) 0 % In / GaN (Black). The GaN reference pattern is included at the bottom of the 
figure (ICDD 01-076-0703). Phases corresponding to FTO (Squares) and GaN (triangles) 
are highlighted in each diffractogram.  
In order to investigate the ability for alloy thin film formation via AACVD, a dual precursor 
apparatus was used and the ratio of the precursor flow rates was systematically varied, 
leading to a variation in the composition of the resulting thin films. Thin films fabricated 
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with less than 50 % indium precursor showed reflections predominantly for GaN crystal 
phases, whilst those fabricated with over 50 % showed greater InN character. As the 
indium precursor percentage increased, from pure GaN up to 50 % flow rate, the 
reflections were seen to become increasingly broader, indicating a decrease in the 
crystallinity of the thin films. This broadening has been extensively reported in the 
literature as scattering which may be due to the formation of defects caused by 
incorporation of indium into the GaN crystal lattice [254]. 
For thin films fabricated with more than 50 % indium precursor, the reflections observed 
were exclusively for InN crystal phases, again with broad features becoming more refined 
with increasing indium input. Interestingly all the thin films showed only a one crystal 
structure, either GaN or InN, and mixtures of both were not observed. This indicates that 
a crystalline solid solution has not been formed. Furthermore, for the thin films fabricated 
with 89 % and 65 % indium precursor, a shift in the (100) reflection to higher angles may 
also be observed. The peak is seen to become broader indicating decreasing crystallinity, 
particularly for the 65 % thin film, however the shift is certainly noteworthy. A shift in 
peak angle like this could indicate a reduction in the crystal lattice parameter, which may 
be indicative of the incorporation of gallium into the InN crystal lattice, as Ga has a smaller 
ionic radius.  
To investigate the potential alloy formation further, high resolution 2θ scans were carried 
out over the 25 – 40 ° range on the composite thin films, Figure 5.3. Typically, one is able 
to discern if an alloy phase has been successfully formed by looking at the shift in the GaN 
(002) reflection to smaller angles, indicating the expansion of the crystal lattice by 
incorporation of the larger In ions [249]. In polycrystalline thin films, spotting a shift in 
this way is particularly challenging due to the presence of multiple crystal phases. From 
the ω/2θ patterns it is clear that there is no significant shift in the (002) reflection for any 
of the low indium content thin films. The shift in the (100) InN reflection to larger angles 
is quite distinct however, for the 65 and 89 % indium precursor fabricated films. 
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Figure 5.3 High Resolution ω/2θ pattern for nitride thin films with various indium 
contents including GaN / 0 % (Black), 11 % (Red), 35 % (Green), 50 % (Blue), 65 % (Cyan), 
89 % (Pink) and InN / 100 % (Purple). Reflections for SnO2 (Squares), InN (Circles), GaN 
(Triangles) and In2O3 (Diamonds) are highlighted. Reference patterns for GaN (ICDD 01-
076-0703) and InN (ICDD 01-070-2547) are also shown.  
Unfortunately, the XRD results cannot conclusively prove the formation of an InxGa1-xN 
alloy crystal phase. A solid solution, however, would be expected to show reflections for 
both InN and GaN crystal phases, which is not seen for our polycrystalline AACVD thin 
films. The shift in the InN (100) reflection to larger angles and the broad reflections 
observed for the low indium thin films are all suggestive of a level of dopant incorporation 
into a primary crystal lattice (GaN for low indium and InN for high indium). The difficulties 
in forming high indium content InxGa1-xN alloys have been well reported in the literature 
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and are primarily due to a solid-phase miscibility gap that occurs between InN and GaN 
[95], [255]–[257]. However, InxGa1-xN phases with high indium contents have been 
produced in materials with a highly nanostructured morphology, such as nanowires [257]. 
With the lack of conclusive proof of alloy formation, we have nominated to refer to these 
polycrystalline thin films as “composites”, which may comprise InN, GaN and an InxGa1-xN 
alloy phase.  
5.3.1.2 Elemental Composition  
In order to quantify the actual In:Ga ratio present in the polycrystalline composite thin 
films, analysis by Energy Dispersive X-Ray and X-Ray Photoelectron Spectroscopy was 
carried out. XPS has a penetration depth of only 12 nm compared to EDX, which 
penetrates by up to 3 μm. This allows EDX to provide an average for the composition of 
the bulk of the thin film, whilst XPS provides the elemental composition mainly at the 
surface. 
The elemental In:Ga ratio from both techniques has been plotted against the precursor 
flow rate ratio, Figure 5.4A and B, with the comprehensive data outlined in Figure 5.5 and 
Figure 5.7. XPS highlights that the surface composition is relatively poor in indium 
compared to the bulk, which may indicate a change in composition at the surface 
compared to the bulk. Additionally, the EDX bulk elemental analysis shows that the 
general percentage of indium is lower than the percentage in the precursor input. This 
may indicate that the indium precursor does not decompose as efficiently under the 
deposition conditions, lowering the indium content.  
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Figure 5.4 A) Comparison of the percentage indium content observed in EDX with the 
indium precursor input ratio; B) Comparison of the percentage indium content observed 
in XPS with the precursor input ratio. It is noteworthy that in both measurements the 
indium content is lower than expected, and particularly so at the surface, as shown by 
XPS.  
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Figure 5.5 EDX plots of thin films fabricated with indium precursor flow rate ratios of 
100 % / InN (A), 89 % (B), 65 % (C), 50 % (D), 35 % (E), 11 % (F), 0 % / GaN (G). 
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Figure 5.6 XPS spectra for low indium content nitride composites. Spectra for the N 1s, 
Ga 3d and In 3d peaks are shown respectively. (rotated) 
Chapter 5 - Fabrication of Tuneable Band Gap Composite Indium and Gallium Nitrides 
161 
 
 
Figure 5.7 XPS spectra for high indium content nitride composites. Spectra for the N 1s, 
Ga 3d and In 3d peaks are shown respectively. (rotated) 
5.3.1.3 Optical Properties 
Diffuse UV Visible absorbance measurements were carried out on the InN, GaN and the 
composite thin films to elucidate their optical properties, Figure 5.8. Tauc plots were 
constructed to allow more accurate estimation of the band gap energy. Thin films of InN 
fabricated by AACVD were found to have a band gap value of approximately 1.7 eV. This 
lies well within the reported band gap range for InN, which varies continuously over the 
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~ 0.7 to 2 eV range [92]. The cause for the wide range of band gaps for InN has been 
discussed at length in the literature. The widening of the band gap, which is approximately 
0.7 eV, is in part caused by a high carrier concentration, which forces the Fermi level to 
reside within the conduction band. Upon photoexcitation, electrons must move to energy 
levels above the Fermi level, due to the Pauli Exclusion Principle, which requires photons 
of higher energy. This is known as the Moss-Burstein Effect [258]. The magnitude of this 
effect has been questioned, however, and is therefore unlikely to contribute to the entire 
band gap shift. Oxygen inclusion has also been reported to lead to an increase in the band 
gap of polycrystalline InN, leading to similar values to those in the AACVD InN thin films 
[259]. Finally, variations in the stoichiometry, potentially due to the growth temperature 
or excess nitrogen, have also been previously connected with notable changes in the band 
gap, particularly for polycrystalline InN [91], [251]. In reality, for the polycrystalline InN 
thin films, it is reasonable to assume that all of these mechanisms could play some part 
in the widening of the band gap.   
In contrast to InN, GaN has a well reported band gap of 3.4 eV [260]. Polycrystalline GaN 
thin films fabricated by AACVD, however, have a smaller than expected band gap of 2.82 
eV. Previously reported literature points to the fact that the lattice parameters of GaN 
deviate significantly from those of the substrates on which it is grown, a scenario that may 
cause significant crystal strain and defect formation [261]. Tensile strain has also been 
reported to cause significant alteration to a semiconductor band structure and decrease 
the band gap [262]. It is therefore plausible to suggest that the reduction in the band gap 
of the polycrystalline GaN thin films could be due to extensive defects and increased strain 
within the crystal lattice. The presence of a defect rich crystal lattice in our films is 
supported by the XRD and HR XRD, reported in Figure 5.1 and Figure 5.3 respectively, 
which show very broad peaks, indicative of a highly defective crystal structure [254].  
Variation of the indium content in InxGa1-xN materials should allow complete tunability of 
the band gap, as has been shown previously [257]. Indeed, variation in the indium content 
of our polycrystalline composite thin films was found to lead to a dramatic change in the 
diffuse absorbance spectra. The optical absorption onset clearly shifts to longer 
wavelengths with the increase in indium content.  
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Figure 5.8 Diffuse Absorbance Spectra for polycrystalline nitride thin films fabricated 
with indium percentages of 0 % / GaN (Black); 11 % (Red); 35 % (Green); 50 % (Blue); 
65 % (Cyan); 89 % (Pink); 100 % / InN (Purple) respectively.  
The band gap values can be correlated with the percentage indium input to produce a 
calibration plot, Figure 5.9.  The corresponding plot allows one to select the indium input 
flow rate required to achieve a desired band gap in the resulting thin film after deposition, 
something that is incredibly useful in tuning thin films with different band gaps. The error 
bars are calculated through the standard deviation of multiple samples fabricated at the 
same nominal flow rates and error itself is due to small variations in the aerosol flux 
produced by the ultrasonic humidifiers. The accurate selection of specific band gap thin 
films in this way is highly desirable for many optoelectronic applications and is readily 
achievable by the AACVD technique [263]–[265]. One can improve the precision further 
by using a TSI collision atomiser or an ultrasonic nozzle, instead of the ultrasonic 
humidifier. 
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Figure 5.9 Calibration plot for band gap with respect to the indium percentage input by 
flow rate, with error bars designated by the standard deviation of a range of films 
deposited at this composition. 
5.3.1.4 Surface Morphology  
The morphology of the InN, GaN and composite thin films was analysed through scanning 
electron microscopy. InN thin films were found to have a granular structure with large, 
sintered features and Figure 5.10A describes the surface topography of a representative 
film. Conversely GaN thin films, Figure 5.10G, were found to be very smooth with a rippled 
surface. The morphology of composite thin films, Figure 5.10B to F, was found to vary 
with the indium content. Thin films fabricated with an 89 % indium precursor flow rate 
have granular features, similar to that of the pure InN films, but smaller in size. Similarly, 
thin films fabricated with 65 % indium precursor flow have a granular structure with very 
small features. Composite thin films fabricated with 50 % or less indium precursor flow 
rates are found to have much smoother morphologies, with a similar although less 
defined rippled structure to the GaN thin films. The rough trends in the morphology match 
well with the trends seen in the XRD and the apparent crystal structures that dominate in 
these composite thin films.  
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Figure 5.10 Scanning Electron Micrographs for nitride thin films with percentage indium 
precursor flow rates of 100 % / InN (A), 89 % (B), 65 % (C), 50 % (D), 35 % (E), 11 % (F) 
and 0 % / GaN (G). 
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AACVD is a reasonably robust and reproducible technique, nevertheless rather large 
variance in thickness exists for thin films deposited over the same periods of time. The 
fluctuation in the thickness of the thin films can be almost completely attributed to 
variations in the flux of the aerosol from the ultrasonic humidifiers. A table of parameters 
that are key to the optimisation of the dual AACVD technique are outlined in section 2.3. 
Further enhancement of the AACVD deposition of nitrides could be achieved with further 
control over these parameters. Building a bespoke system for nitride fabrication by 
AACVD should be achievable and allow greater reproducibility of exact thicknesses at 
defined deposition times.  
5.3.1.5 Growth Rate and Thickness 
To determine the growth rate of the AACVD nitride thin films, composite thin films, with 
a pre-selected band gap of approximately 2 eV, were fabricated for times of between 20 
and 60 minutes. Cross-sectional SEM was then used to determine the thickness of each 
composite nitride layer, Figure 5.11. Film thicknesses were found to be approximately 2.6, 
2.4, 2.0, 1.3 and 0.9 μm for deposition times of 60, 50, 40, 30 and 20 minutes, respectively. 
The thin films were cut after being briefly cooled in liquid nitrogen, to ensure a clean break. 
This is the cause of some of the fracturing and cracks seen in the films.  
From the progression of thickness over deposition time, a growth rate of 50 nm per 
minute was estimated, Figure 5.12. This value has significant error associated with it, in 
particular at the longer growth times, as small variations in the flux of the aerosol can 
yield substantial changes in the thickness. A more robust aerosol generation method 
could be used to enhance this reproducibility in the future.  
In addition to the growth rate, the correlation of the band gap with the thickness 
highlights that there is no meaningful variation in the band gap with thickness, suggesting 
a uniform growth of this composition over time. EDX was carried out to ensure the 
composition of each film was similar, Figure 5.13.  
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Figure 5.11 Cross-sectional SEM images of composite nitride thin films deposited for 60 
mins, 50 mins, 40 mins, 30 mins and 20 mins respectively. ImageJ was used to measure 
the thickness of the film which is approximately to 1 decimal place. Samples were 
broken using liquid nitrogen to facilitate in getting a clean edge for cross-sectional SEM. 
Some of the fractures and cracks seen on the samples may be due to this.  
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Figure 5.12 A) Thickness of thin films vs deposition time calibration plot; B) band gap vs 
film thickness and C) band gap vs time to show the roughly constant composition over 
time.  
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Figure 5.13 EDX plots for thin films fabricated for 60 mins (A), 50 mins (B), 40 mins (C), 
30 mins (D) and 20 mins (E). The composition of each thin film is slightly different, but 
generally fairly similar.  
5.3.1.6 Electronic Properties 
One of the main reasons that InN and GaN are of such interest is because of the ability to 
modify their electronic properties by alloying them. Herein, Mott-Schottky analysis was 
used to study the electronic properties of InN, GaN and the composite thin films. The 
electrical double layer capacitance was measured over a range of applied voltages and 
the slope of the resulting plot allows one to estimate the carrier concentration of the 
semiconductor photoelectrodes. Figure 5.15 shows the carrier concentration with respect 
to the indium input ratio. Indium nitride thin films were found to have a high carrier 
concentration, in the region of 6 x 1018 cm-3. This correlates well with the literature in 
which the high unintentional doping of InN has been reported extensively [266]. InN has 
also been shown to possess a high surface electron concentration, which coupled with 
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the high carrier concentration, often makes the thin films conducting [267]. The high 
carrier concentration demonstrated for InN thin films may be due to oxygen incorporation, 
which has been shown to be an effective n-type donor than alters the band structure 
[268]. To explore the conductivity of the polycrystalline InN, AACVD was used to fabricate 
very thin films of InN on plain glass. Films deposited for only 90 seconds were found to be 
conducting, with the lowest sheet resistance value of 497 Ω/□ and a transparency of 70 % 
at 400 nm, giving a resistivity of 1.99 x 10-2 Ω.cm. Other materials with similar resistivity 
include ITO fabricated by different methods [269], [270]. Our brief experiment, without 
optimisation, suggested that conducting InN thin films could be fabricated using AACVD.  
 
Figure 5.14 Carrier concentration determined by Mott Schottky Analysis for various 
composite nitride thin films. 
GaN thin films were also found to have a high carrier concentration. This could be due to 
extensive formation of defects within the GaN crystal structure. The resulting thin films 
were not, however, conducting when deposited on plain glass. The composite thin films 
were found to have lower carrier concentrations than both the InN and the GaN, which is 
undoubtedly linked to the complex crystal structure formed with the mixture of the two 
primary phases.  
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Figure 5.15 Band edges of InN, GaN and composite thin films relative to the RHE 
reference scale as determined by Mott-Schottky analysis. The band edges are observed 
to shift continuously between those of GaN and InN.  
Mott-Schottky analysis was also used to estimate the flat band potential for the InN, GaN 
and composite thin films. The flat band potential, in highly n-type doped semiconductors, 
can be assumed to be equal to the position of the conduction band, which when combined 
with the optical band gap, allows one to determine the band edge positions. Figure 5.15 
shows the band edge positions with respect to the indium percentage by precursor flow 
rate for the composite thin films. These band edges are in good agreement with the 
previously reported literature [102], [271]. It is clearly seen that the band edges of the 
composites shift between those of GaN, at approximately -0.23 and 2.58 V vs RHE, to 
those of InN, at 0.0566 to 1.78 V vs RHE respectively. This also indicates that all of the 
fabricated nitride thin films, with the exception of InN, had band edges that straddled 
both water redox potentials, an interesting and desirable property for a photocatalytic 
material.  
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5.3.1.7 Photoelectrochemical Properties 
In an effort to determine the potential for polycrystalline nitride thin films to be used as 
light harvesting layers/films, photoelectrochemical analysis was carried out by recording 
current density – voltage plots in 1M sulfuric acid electrolyte, as shown in Figure 5.16. It 
is clearly observed that the photocurrent density varies significantly with the composition 
of the thin films. Low indium content composite thin films, up to 50 % indium content by 
precursor flow, were found to be photoactive over a wide potential window, whilst high 
indium content composites showed much lower photoactivity.  
 
Figure 5.16 Current – Voltage curves measured in 1M sulfuric acid for composite thin 
film nitrides with 0 % / GaN (Black), 11 % (Red), 35 % (Green), 50 % (Blue), 65 % (Cyan), 
89 % (Pink) and 100 % / InN (Purple) indium percentage by precursor flow rate. 
Measured with a Pt counter electrode and a 3M Ag/AgCl reference electrode at 10 mV/s 
scan rate.  
Careful interrogation of the photocurrent onset potential can reveal complimentary 
information about the band edge positions. The photocurrent onset is clearly found to 
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shift to more positive values with increasing indium content, as shown in Figure 5.17, 
which matches well with the expected trend. The photocurrent onset, in theory, should 
correspond to the flat band potential and thus be identical to the value achieved from the 
Mott-Schottky analysis.  
 
Figure 5.17 Photocurrent onset potential vs indium content by percentage flow rate for 
polycrystalline nitride thin films. The observed trend matches well with the shift in the 
band edges. The potential values are shifted from the onset potential because of 
significant recombination at low applied potentials.  
In fact, the values found from photocurrent onset measurements are shifted positive by 
approximately 0.4 V from those gained in the Mott-Schottky measurements, Figure 5.15. 
This shift is almost certainly due to high recombination in the onset potential region, 
which affects the photocurrent onset measurements but not the Mott-Schottky. The high 
recombination suppresses the photocurrent and as such is seen to shift the photocurrent 
onset. Close examination of JV curves where the illumination is periodically interrupted, 
so called “chopped” JV curves, shows that recombination current spikes are quite 
pronounced in the lower potential ranges, supporting this finding, see Figure 5.18. This is 
also reasonably expected for thin films with such compact morphology.  
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Figure 5.18 Chopped Current Density vs Voltage plots for the nitride thin films measured 
in 1M sulfuric acid for composite thin film nitrides with 0 % / GaN (Black), 11 % (Red), 
35 % (Green), 50 % (Blue), 65 % (Cyan), 89 % (Pink) and 100 % / InN (Purple) indium 
percentage by precursor flow rate. Measured using a Pt counter electrode and a 3M 
Ag/AgCl reference electrode at 10 mV/s scan rate.  
It is reasonable to assume that if the visible light absorption increases, due to a decreasing 
band gap, one may expect to observe an increase in the photogenerated current of the 
corresponding material. Indeed, the highest photocurrent observed was achieved with 
the 50 % indium composite thin film, which partially meets this expectation. 
Unfortunately, the higher indium content thin films showed significantly lower 
photocurrent. Photocurrent density is not simply due to the band gap, as surface kinetics, 
recombination, crystallinity, thickness and porosity all play a part in the overall response 
[43]. This may explain why the photocurrent for the 11 % and 35 % thin films was lower 
than that for GaN, in Figure 5.16, which has a wider band gap than both. Differences in 
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porosity, in particular, can dramatically affect the electroactive surface area of the thin 
films.  
 
Figure 5.19 Incident Photon to Electron Conversion Efficiency plot for the 50 % indium 
composite thin film, the optical photocurrent onset is highlighted through a zoomed in 
plot (inset) which matches well with the expected band gap from UV Vis absorbance 
measurements.   
In order to investigate the quantum efficiency of nitride thin films, incident photon to 
electron conversion efficiency analysis was carried out on the 50 % composite thin film, 
Figure 5.19. The peak efficiency was found to be approximately 8 % at around 315 nm, 
with a rapid decrease in efficiency for longer wavelengths. Close inspection of the 
wavelength at which the photocurrent starts yields the optical onset, which in turn reveals 
the optical band gap. The optical onset was observed at 535 nm, which corresponds to an 
optical band gap of 2.32 eV, which matches very well with the 2.34 eV gained from diffuse 
UV Visible Absorbance measurements. The low external quantum efficiency however, 
suggests that most excitons are formed outside the space charge region, in the bulk of 
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the material, and as such recombine. This effect is compounded by the densely-packed 
structure, as the distance excitons must diffuse to reach extraction is much greater than 
in mesoporous or nanostructured materials.   
The low porosity of the nitride thin films may be caused by the long deposition times or 
by the deposition mechanism. Formation of the thin films by AACVD is expected to occur 
through two mechanisms, either heterogeneous or homogeneous reactions of the 
precursor droplets. Homogeneous reactions occur when the solvent in the aerosol droplet 
evaporates first, facilitating the reaction of the precursor compounds in the gas phase. 
This tends to form thin films with a highly nanostructured, mesoporous or hierarchical 
structure, as has been discussed in the literature previously [149], [151]. Conversely 
heterogeneous reactions occur on the heated substrate, facilitating slower evaporation 
of the solvent, leading to a more compact morphology.  
Horizontal-AACVD, whereby the precursor aerosol enters the heating chamber 
horizontally and moves across the heated substrate, is known to favour heterogeneous 
reactions. Evaluation of the cross-sectional SEM images for different thickness films, see 
Figure 5.11, shows that even films deposited for 20 mins have a densely-packed 
morphology. This supports the proposition that the horizontal aerosol flow is the cause 
for the more compact nature of the thin film and that is it not predominantly caused by 
lengthy deposition times. The strong advantage of AACVD is that through modifying some 
of the deposition parameters, one can shift the balance between the heterogeneous and 
homogeneous reactions. Altering the solvent, temperature, precursor flow rates and 
aerosol direction can all lead to changes in the ratio of hetero and homogeneous reactions, 
leading to dramatic changes in the morphology, as previously shown [152], [164].  
A noteworthy feature of the nitride thin films is the dramatic difference in electrochemical 
activity with the apparent change in the dominant crystallography. The low indium 
content composites exhibit the dark current onset, signifying the electrolysis of water, at 
around 1.7 V vs Ag/AgCl. Conversely the high indium content films with the InN dominant 
structure, show dark current onset in the 1 – 1.2 V vs Ag/AgCl range in the 1M H2SO4 
electrolyte solution. A shift in dark current onset to lower applied potentials is usually 
indicative of an electrocatalytic process. To ensure that the oxygen reduction reaction 
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(ORR) was not adding to the observed response, JV plots of InN thin films were measured 
in a deoxygenated electrolyte solution under the presence of argon. No difference was 
seen in this response, indicating the ORR was not taking place. Additionally, careful 
inspection of the dark current response throughout the measured region indicates that 
there are no other redox reactions taking place in the applied potential window.  
 
Figure 5.20 A) Stability curves for 11 % composite thin films in 1M H2SO4 (Black) and pH 
7.4 buffered 0.1M KPi (Red) electrolytes respectively; B) InN thin films in 1M H2SO4 
(Black) and pH 7.4 buffered 0.1M KPi (Red) electrolytes respectively. Measured with a 
Pt counter electrode and a 3M Ag/AgCl reference electrode.  
In order to monitor the stability of the nitride thin films, which is another potential cause 
for a rapid increase in dark current, current density vs time plots were recorded under 
solar simulation in 1M H2SO4 and pH 7.4 buffered Potassium Phosphate (KPi) solution. The 
stability for the 11 % indium thin film is representative for the composite thin films and is 
shown in Figure 5.20A. The stability of the nitride thin films was found to be excellent, 
with little in the way of photocurrent degradation during the 1 hour measurement time. 
The photocurrent for InN is also stable over the 1 hour measurement time in both acid 
and neutral, Figure 5.20B, which suggests that the sharp dark current onset is an 
electrocatalytic process, and not due to other redox reactions or degradation of the thin 
films. Photodegradation often plagues many metal oxide semiconductor materials but is 
clearly not an issue for the polycrystalline nitride materials under these conditions [272], 
Chapter 5 - Fabrication of Tuneable Band Gap Composite Indium and Gallium Nitrides 
178 
 
[273]. Furthermore, most photoanodes used for photoelectrochemical processes are not 
stable in acid and only of limited stability in neutral solutions. The fabrication of acid and 
neutral stable photoanodes, such as our polycrystalline InN, GaN and their composite thin 
films, are highly sought after for many photoelectrochemical, solar cell and 
thermoelectric devices [274]. Clearly stability measurements over 1 hour are not 
sufficient to prove long term stability, which is essential for effective use in a tandem PEC 
cell. However, the results reported here do indicate the materials are apparently more 
stable than many other photoanodic materials in acid and certainly worth studying in a 
more realistic tandem PEC cell environment in long term stability analyses.  
5.3.2 Vertical – AACVD of nitride composites 
As discussed in Section 2.3.1, vertical-AACVD is known to enhance the porosity of thin 
films by promoting different growth mechanisms. Greater porosity often leads to 
enhanced photocurrent and reduced recombination by providing shorter path lengths for 
photogenerated charge carriers. As horizontal-AACVD was found to produce compact thin 
films with low porosity, it was logical to attempt fabrication by vertical-AACVD.  
5.3.2.1 Experimental modifications 
The dual precursor chambers and the mixing chamber were left unchanged to allow 
comparison between the two techniques. The exit aperture from the mixing chamber was 
attached to the conventional vertical-AACVD glass arm, the exit of which entered a glass 
cup, placed on a hotplate. The aperture was placed approximately 3 cm above the heated 
FTO glass substrate. Thin films fabricated by this form of vertical-AACVD can be seen in 
Figure 5.21 C, D and E.  
In addition to the previously used parameters, several experiments were conducted with 
a greater amount of nitrogen. Nitrogen was used as a mixing gas, entering the mixing 
chamber at the position previously used for the ammonia gas. This was used at a higher 
flow rate to facilitate the production of smaller droplets. The ammonia gas was then 
added directly above the hotplate at the exit aperture. The thin films formed under this 
regime are showing in Figure 5.21 A and B.  
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Figure 5.21 Photographs of several thin films fabricated by vertical-AACVD. Issues 
including delamination (A and B) and split growth (C, D and E) were seen. All thin films 
were fabricated to target a 2 eV band gap.  
5.3.2.2 Film Formation and Composition  
Clearly significant issues have arisen in the fabrication of all the vertical-AACVD thin films. 
The thin films fabricated by the second method, with the increased nitrogen flow, are by 
far the easiest to explain. The difference between the thermal expansion coefficient for 
GaN and the substrate leads to significant strain to forming within the thin films [275]. 
Cracking of thin films of GaN is relatively common and was previously seen for horizontally 
deposited thin films which had undergone rapid cooling, via removal from the tube 
furnace at 600 °C immediately after the deposition. In the case of samples A and B, the 
cracking has become so serious, complete delamination of the thin film has occurred. This 
has occurred because of the higher gas flow rate, which causes a cooling effect at the 
surface of the thin film. The resulting thermal gradient between the film and the substrate 
is then the likely culprit for the delamination.  
Thin films C, D and E are far more complicated to explain. Two thin films appear to have 
formed, with dramatically different compositions, on different parts of the substrate. 
Considering the aperture outlet for the aerosol sits centrally above the substrate, the 
cause for the different films is not immediately apparent. Additionally, it was noted that 
the darker zone formed preferentially around the cover slip and in the region extending 
down from the cover slip and from the sides.  
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SEM micrographs of thin films with the split growth have helped to show an enhanced 
view of the region between the two zones. The split between the two areas of growth is 
quite clear to see in both Figure 5.22A and B. The SEM shows that the Red zone, shown 
at the left of Figure 5.22A and B, is on top of the yellow zone, which is at the bottom right. 
Additionally, the difference in morphology helps to determine what the two zones are. 
The red zone, as expected, is similar in morphology to InN, as shown in Figure 5.22C, whilst 
the yellow zone is similar in morphology to GaN, shown in Figure 5.22D. 
 
Figure 5.22 SEM of split growth films showing A) the split region with the red coloured 
zone on the left, at 1000 x magnification; B) the split region at 5000 x magnification; C) 
the red coloured zone and D) the yellow coloured zone respectively. The morphology of 
the red zone is most similar to InN whilst the yellow zone is most similar to GaN.  
EDX analysis of these two zones is also of interest. The composition of the red area was 
shown to be in the region of 81 % In, which matches well with the colour and the expected 
composition from precursor input. The yellow area would be expected to have very low 
indium content, as the SEM suggests a GaN or low In composite thin film which matches 
with the band gap. Surprisingly this yellow region gave an EDX atomic ratio of 75 % In. 
This is far higher than one may expect for a thin film with the colour that it has, which 
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clearly indicates a lack of indium incorporation into the crystal structure. It is possible that 
the high indium reading from the EDX is due to indium metal droplets present on the 
surface of this area of the film. This could explain what has happened to the indium 
precursor, which may have decomposed straight into indium metal under these vertical 
conditions in this region of the film. The SEM image does shows small white dots, which 
are on the order of perhaps tens of nanometres, on the yellow zone, Figure 5.22D, which 
could potentially be indium metal droplets. As the EDX beam has an interaction volume 
of over 1 μm3 the resolution is not sufficient to confidently determine what these white 
features are. As these are thin films, TEM is also not a viable option.  
In order to explain the growth mechanism of these split growth films, one needs to 
understand the processes in AACVD. As discussed in section 2.3, vertical-AACVD utilises a 
combination of heterogeneous and homogeneous reactions in the formation of a thin film. 
Heterogeneous reactions occur on the heated substrate, where the solvent evaporates 
more slowly. Homogeneous reactions occur in the atmosphere above the substrate. This 
is only possible if the region above the sample is hot enough to facilitate reactions.  
The formation of these split growth films is therefore hypothesised to have proceeded in 
two stages. Firstly, the yellow zone of gallium rich material forms through the 
homogeneous reaction of precursor compounds. The indium segregates out on the 
heated substrate, forming indium metal droplets on the surface which are possibly then 
oxidised. This film covers the whole surface. Secondly, a liquid droplet of precursor forms 
in the region around the cover slip, due to the high flow rate of aerosol used. This slowly 
evaporates, allowing heterogeneous reaction of the precursors to occur. The 
heterogeneous reactions facilitate the formation of the red zone, the indium rich phase. 
This hypothesis is supported by the fact that the red zone clearly only forms around the 
region where the cover slip is sitting, as surface tension of the droplet prevents it from 
covering the whole substrate, and that the SEM shows it lies on top of the yellow film, 
indicating it is formed after or via a different mechanism.  
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Figure 5.23 EDX analysis for the split deposition thin films showing the spectrum for A) 
the dark red region and B) the yellow region. The higher than expected indium content 
of the yellow region indicates phase separation and potential In metal droplets or In2O3 
on the surface, which do not affect the band gap and composition of the whole, but lead 
to the high indium elemental composition.  
This result is clearly unfortunate. This indicates that the region which formed with the 
desired composition, formed because of a droplet of precursor residing on the surface. 
The droplet then potentially facilitated heterogeneous reactions, in a similar manner to 
horizontal-AACVD. The rest of the film, which one suspects formed through more 
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homogeneous reactions, appears to be gallium rich and with indium potentially 
segregating out into indium metal or oxide on the surface. The reason behind shifting 
from horizontal to vertical-AACVD was to promote homogeneous reactions, which often 
lead to a morphology with greater porosity. In this set of experiments, we have shown 
that the vertical deposition does not form the desired composite phase, and so 
improvements in the porosity are unlikely with the current substrates and precursor 
compounds.  
5.4 Conclusions  
In this study, we have demonstrated for the first time that polycrystalline InN, GaN and 
systematically controlled InxGa1-xN composite thin films can be successfully fabricated on 
fluorine-doped tin oxide coated glass substrates by AACVD, which is a simple, flexible and 
scalable technique. Variation in the indium content of polycrystalline nitride composite 
thin films was achieved by modifying the relative flow rates of the indium and gallium 
precursors. The relationship was not found to be directly proportional, as a slightly 
reduced indium content was observed throughout all depositions, which was rationalised 
by differences in the precursor decomposition rates. However, following repetition of the 
thin film fabrication, a calibration plot for the band gap and the flow rates was developed. 
The resulting composite thin films did not conclusively demonstrate an InxGa1-xN crystal 
structure, however some evidence of shifts in reflections may have been observed. What 
was clear was a GaN dominant crystal structure below 50% indium in the precursor flow 
and an InN dominant crystal structure for composites made with greater than 50% indium 
in the precursor flow.  
As hypothesised, and in accordance with the literature, variation in the indium content of 
the composite thin films did successfully lead to a dramatic shift in the optical absorbance, 
altering the band gap continuously through the 2.82 eV – 1.7 eV range. Importantly, the 
band edges of the composites shift between that of GaN and InN, which is a fundamental 
objective of many studies reported in the literature to date. As hypothesised, the 
photoelectrochemical properties varied with composition, although not necessarily 
following the same trend as the band gap. The 50 % composite thin film had an 8 % 
external quantum efficiency and was shown to be the most active photoelectrode. The 
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photocurrent of composites with higher indium content had extremely low photocurrent 
and different dark current onset. The photocurrent density was relatively low for all thin 
films, which was attributed to the high packing density of the films and their 
polycrystalline nature, but the stability of the composite nitride thin film (which 
corresponds 11 % indium) and InN film were found to be excellent, with little in the way 
of photocurrent degradation during the 1 hour measurement time.  
Efforts to modify the morphology of the nitride thin films, to enhance the porosity, were 
carried out using vertical-AACVD. Unfortunately, thin films were either found to be 
completely delaminated, most likely caused by a high carrier gas flow rate, or to form a 
split phase thin film, caused by issues with the precursor decomposition mechanism. It 
appears that heterogeneous reactions that proceed slowly are favoured for the efficient 
deposition of nitride thin films. Such films are found to be inherently densely-packed with 
low porosity. This emphasises that using the current apparatus and deposition 
methodology, morphology manipulation is not possible and that further study would be 
needed to truly understand the nature of the different reaction mechanisms.   
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6 Conclusions and Further Work 
Decarbonising the production of hydrogen, one of the most extensively used chemicals 
on earth, is a key part of the drive to reduce the impact of climate change. Solar water 
splitting is, without doubt, one of the most promising and practical methods for hydrogen 
generation in the future. The work outlined within this thesis details efforts to fabricate 
and study novel photoanodic materials for use in a tandem photoelectrochemical water 
splitting cell.  
6.1 Conclusions 
Pyrochlore Semiconductor Photoanodes for Solar Water Splitting 
Pyrochlore materials have been relatively understudied in the water splitting community. 
The few reports that do exist outline the fabrication of powders, sometimes under high 
temperature conditions, and their subsequent use in photocatalytic water splitting 
experiments. As outlined in the introduction, tandem photoelectrochemical water 
splitting is often thought to be a more efficient method of forming hydrogen in a solar 
water splitting cell, which requires thin film photoelectrodes fabricated on glass. As some 
methods for forming the Bi2Ti2O7 pyrochlore were carried out under relatively mild 
conditions, it was hypothesised that forming thin films by AACVD may be possible.  
Indeed, subsequent experiments showed that phase pure Bi2Ti2O7 thin films could be 
formed by AACVD on FTO glass substrates, albeit with the addition of a lengthy annealing 
stage post-deposition. The corresponding thin films were found to have band gaps of 2.88 
eV, which matched extremely well with the reported literature and were also found to be 
photoactive. The photocurrent, approx. 2 μAcm-2 at 0.4 V vs Ag/AgCl, was very low and 
was attributed to the sintering of the mesoporous structure during the lengthy annealing 
stage, thus reducing the porosity.  
Pyrochlores were also deemed of interest to the photoelectrochemical community due 
to reports of the relative tolerance the crystal structure has towards the presence of 
oxygen defects and inclusion of dopants. Indeed, it was hypothesised that the crystal 
structure would be able to readily accept dopants, potentially being more tolerant than 
other crystal structures, and that the addition of iron would lead to a significant 
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modification to the electronic band structure. To test these hypotheses, iron was added 
to the precursors and doped Bi2Ti2O7 thin films were formed. A significant reduction in 
the band gap, to a value of approximately 2.5 eV, was achieved whilst retaining the 
pyrochlore crystalline structure. The resulting thin film had a photocurrent around 5 times 
higher than the undoped BTO thin films. Further addition of dopants was found to lead to 
additional decreases in the size of the band gap, however a significant reduction in the 
crystallinity was observed, which led to the formation of amorphous thin films. These 
amorphous thin films ultimately had poorer photoactivity as well. This proved at least two 
of those hypotheses correct; dopants could successfully be incorporated into the crystal 
structure and the addition of iron, in particular, would lead to a significant reduction in 
the band gap. Unfortunately, quantitative analysis of the relative tolerance of the 
pyrochlore crystal structure to the inclusion of dopants, compared to other crystal 
structures was not investigated and as a result the hypothesis could not be tested. 
Comparison with other thin films of similar stoichiometry but different crystal structure 
would be required to understand if the pyrochlore structure is more tolerant towards the 
addition of dopants. The formation of an amorphous thin film, at high dopant 
concentrations, also suggests there is an ultimate limit to the amount of dopant that the 
crystal structure can incorporated, although this is to be expected.  
Finally, investigations into the formation of a pyrochlore material with a natively small 
band gap were outlined. Two very different methods were attempted to create Fe2Ti2O7, 
with the pyrochlore crystal structure. Unfortunately, in both cases, another high 
stoichiometry iron titanium oxide phase was formed. The formation of the same phase 
preferentially over the pyrochlore structure, through two very different methodologies, 
suggests an inherent stability to this phase under the limiting conditions of the glass 
substrate. This work, in particular, highlights the inherent difficulties in forming specific 
crystal structures with complex stoichiometry under these mild conditions. Whilst Bi2Ti2O7 
pyrochlores can be fabricated under such mild conditions, this work emphasises that this 
is unlikely to be the case for all pyrochlore materials.  
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Enhanced Photoelectrochemical Water Splitting using Oxidised Mass- Selected Ti 
Nanoclusters on BiVO4 Photoelectrodes 
Bismuth vanadate is a popular and effective photoanode for solar water splitting but is 
well known to have poor electron transport properties and as such requires significant 
efforts to make it more practical for use in a photoelectrochemical cell. Enhancement of 
the electron transport through incorporation of oxygen vacancies is certainly of interest 
and has been reported by various means previously. Ti is well known to be highly reactive 
towards oxygen and it was hypothesised that extremely low loadings of pure titanium 
may facilitate the production of oxygen vacancies, enhancing the properties of the BiVO4 
thin films.  
In this study, depositions of extremely low quantities of Ti onto the surface of BiVO4 was 
investigated with a view to enhancing the electron transport properties. Ti nanoclusters 
were used as an extremely accurate method for changing the surface coverage of Ti on 
the BiVO4 thin film photoanodes. Deposition of Ti nanoclusters onto the surface of BiVO4 
was found to lead to an enhancement in the photocurrent of the resulting 
photoelectrodes. Interestingly, no catalytic response was observed, which indicates that 
the clusters were primarily affecting the charge transport properties. This matched well 
with the initial hypothesis, in that Ti would react with the BiVO4. By forming the clusters 
in the high vacuum environment of the cluster source, the bare titanium could react with 
the oxygen in the BiVO4 lattice. Further XPS analysis showed clusters were still present 
after electrochemical measurements, indicating that they had chemically reacted with the 
surface and had not just diffused off into solution.  
Through the systematic deposition of different cluster sizes, an 85 % improvement was 
seen in the photocurrent of BiVO4 with Ti2000±54 deposited at approximately 0.4 
monolayers. Whilst only three cluster sizes and densities were used in the investigation, 
there is definitely an indication that the photocurrent enhancement is related to the 
amount of contact between the surface and the clusters. Clearly, significant further 
investigation would be required to prove a trend for this hypothesis. Additionally, it is 
possible an optimum coverage exists which could be determined with further study.  
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The size and density dependent behaviour indicates that the clusters form oxygen 
vacancies in the BiVO4 lattice, which in turn leads to improved electron transport and a 
reduction in recombination. This is the case because the number of vacancies is believed 
to be directly related to the contact between the Ti clusters and the surface of the BiVO4. 
Unfortunately, direct evidence of the presence of oxygen vacancies could not be 
determined for these photoelectrodes and should be investigated further for conclusive 
proof.  
Additionally, as BiVO4 photodegrades, efforts to conduct advanced photoelectrochemical 
analysis, such as PEIS, were significantly hampered. PEIS would have potentially allowed 
analysis of the rate of recombination which would indicate if the mechanism of 
photocurrent enhancement was indeed correct. This meant that proving the final 
hypothesis, the direct correlation between the recombination rate and the number of 
oxygen vacancies, was simply not possible.  
Fabrication of Tuneable Band Gap Composite Indium and Gallium Nitrides 
The ability to tune the band gap of a semiconductor system, which allows the formation 
of optimised electrodes for different photoelectrochemical cell arrangements, is an 
extremely useful and favourable discovery. The InN, GaN and InxGa1-xN system is perhaps 
unique in the theoretical ability to form any band gap within the 3.2 – 0.7 eV band gap 
range. Currently, the majority of research has relied on the use of single crystals which 
involve complex and costly fabrication methods.  
In this work, a simple and scalable AACVD technique was used to fabricate InN and GaN 
under the same conditions. Additionally, composite thin films, potentially with the InxGa1-
xN structure were also formed. It was found that the stoichiometry of the composite thin 
films could be changed by a simple variation in the In:Ga precursor ratios in the incoming 
precursor aerosol flow. Whilst the end composition was not determined to be directly 
proportional to the input ratio, most likely due to differences in the precursor 
decomposition rates, systematic study showed that a calibration plot could be formed for 
the variation of the composition by manipulation of the precursor flow rates.  
Unfortunately, the crystallinity of the composite thin films was found to be a little more 
complex than initially expected. As the InxGa1-xN system does not form a discrete crystal 
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structure, due to mismatches in the lattice constants, shifts in the GaN reflections are 
usually used to confirm the presence of an alloy. Overlap of multiple reflections, from 
different phases present in the thin films, and the extremely broad nature of some 
reflections, due to high levels of defects, made observation of peak shifts impossible. This 
meant conclusive proof of alloy formation was simply not possible. What was observed 
was a GaN dominant crystal structure for low indium thin films (<50% In in precursor flow) 
and an InN dominant crystal structure for high indium thin films (>50% In in precursor 
flow).  
Interestingly, and as hypothesised, the optoelectronic properties of the thin films varied 
with the indium content of the composite thin films, as would be expected for an alloy 
phase. A significant reduction in the band gap was achieved with increasing indium 
content and the band edges were found to shift continuously between those of GaN and 
InN. The photoelectrochemical properties were also found to change, although not with 
the same trend as the light absorption. The composite thin film with 50% In (by precursor 
flow rate) was found to give the highest photocurrent response and an 8% quantum 
efficiency. Composites with greater light absorption, and higher indium content, did not 
show improved responses but did show extremely low photoactivity. Furthermore, the 
dark current onset was found to shift significantly for the high indium content films, 
emphasising the different electrochemical behaviour of the InN dominant crystal 
structure. Nevertheless, all thin films showed high stability over a 1 hour testing period in 
an acid environment and the generally low photocurrent can also be significantly 
attributed to the very low porosity.  
In an effort to enhance the porosity, and utilise the benefits of the AACVD mechanism, 
vertical AACVD was used for nitride deposition. Unfortunately, rather than leading to 
homogeneous reactions and a different morphology, delaminated and split phase thin 
films were formed. This observation highlights that when using the current apparatus, the 
heterogeneous reactions lead to the formation of composite thin films with the desired 
composition whilst the homogeneous reactions do not. Not achieving a sufficiently high 
temperature to fully utilise the homogeneous reactions is a likely cause for the undesired 
growth. Nevertheless, the AACVD deposition of nitrides highlights that these exciting 
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band gap tuneable materials can be fabricated with ease by a simple and scalable 
deposition technique and undoubtedly deserve further study.  
6.2 Further Work 
Pyrochlore Thin Films 
Whilst a number of the hypotheses for the work on pyrochlore thin film photoanodes 
were tested and proven, it is clear a number of questions still remain. In particular, the 
overriding question of whether pyrochlore semiconductors are indeed more tolerant 
towards the incorporation of dopants, and the presence of oxygen defects which has been 
suggested in the literature, remains unanswered. A series of experiments should be 
conducted where BTO and several other crystal structures with similarities to BTO (such 
as constituent elements or stoichiometry) should be doped with a range of transition 
metals. Close attention should be paid to the crystallinity between the un-doped and 
doped samples. In particular, analysis such as the Scherrer equation may help to quantify 
the extent of changes in the crystal structure with increases in the concentration of the 
dopants. I think the changes in the photoelectrochemical properties of the crystal 
structures as they are doped would also be of great interest.  
I suspect the other area of great interest from the work within this chapter is the inability 
to fabricate Fe2Ti2O7 thin films by AACVD. If this material could be successfully formed it 
could be extremely interesting for study in a photoelectrochemical cell as its band gap is 
extremely favourable for water splitting. Use of a high temperature substrate, such as 
quartz glass, may allow further experimentation with AACVD depositions at higher 
temperatures. This would necessitate the use of a tube furnace or bespoke apparatus for 
high temperature vertical AACVD. Nevertheless, it seems reasonable that with further 
study a preferential stability window for the pyrochlore material may be found, such that 
thin films can be formed and then studied. Additionally, the formation and decomposition 
of a single organometallic complex with the correct stoichiometry for Fe2Ti2O7 may assist 
in the formation of this phase as opposed to impurities.  
Finally, improvements to the AACVD fabrication of BTO may be possible with the 
modification of several parameters that were not investigated in the current study. 
Finding alternative precursors, in particular to replace BiNO3.5H2O as it is not the most 
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soluble compound, may allow phase formation under different temperature ranges. 
Additionally, alterations to the solvent, which has previously been shown to affect the 
reaction mechanisms and the resulting morphology, could be used to change the 
morphology of the BTO pyrochlore. Increasing the porosity will form a greater surface 
area, leading to improvements in the photocurrent. Finally, microwave annealing may 
provide a potential avenue to reducing the annealing time whilst still developing the 
desired crystal structure. Microwave annealing has been shown to be far more rapid than 
conventional heating and as such reduces the sintering of nanostructures whilst achieving 
improved crystallinity.  
Nanoscale Clusters 
There are several clear areas of the nanocluster work that require additional study. The 
most obvious investigation is for continued study of other cluster sizes and densities onto 
the BiVO4 substrates. If the mechanism for photocurrent enhancement does proceed as 
is outlined in chapter 4, then it is possible that an optimum configuration of cluster size 
and density on the surface exists. Deposition of a large number of different cluster sizes 
would enhance the data set and allow for meaningful trends to be drawn, which is not 
possible with the current data. Utilising cluster perhaps as low as tens of atoms, up to the 
practical limit (around 8000 atoms) would ensure a wide data range.  
As the reported mechanism is directly related to the surface area, an accurate method for 
measurement of the surface area of BiVO4 could be extremely useful in the subsequent 
work with cluster depositions. BET or dye adsorption and de-adsorption could be two 
methods that give a value for the porosity. It may also be worthwhile considering the 
deposition of extremely flat / planar BiVO4 photoanodes by a method other than AACVD 
as substrates for cluster deposition as well. Whilst planar photoelectrodes would have 
extremely low photocurrent, they would also have a more accurately determined surface 
area that equals the size of the photoelectrode and would also have simpler 
photoelectrochemical behaviour in PEIS. The use of planar photoelectrodes could 
enhance the study of the size dependence of clusters and may allow more rapid PEIS 
measurements and kinetic analysis. Additionally, they would allow the use of Mott-
Schottky analysis which could quantify any change in charge carrier concentration which 
may occur when oxygen vacancies are present.  
Chapter 6 – Conclusions and Further Work 
193 
 
It would also be a useful control study to determine if BiVO4 oxygen vacancies can be 
induced readily by other reactions (such as reacting with hydrogen). This could be used as 
a baseline to which the cluster enhancement can be compared. Furthermore, direct 
measurement of the levels of oxygen in the crystal lattice surface before and after cluster 
deposition could be extremely useful. XPS may provide an avenue to this, as it is very 
surface specific, or alternatively high resolution XRD may provide insight into changes in 
the crystal structure before and after cluster deposition. Potentially, Hall measurements 
could also provide a value for the carrier concentration although the BiVO4 samples would 
need to be fabricated on plain glass, as opposed to FTO, to allow this measurement after 
cluster deposition.  
Finally, nanoscale clusters are extremely interesting materials to work with in general. In 
this study, the focus was on enhancing the properties of BiVO4, however a wide number 
of studies investigating the catalytic properties of nanoscale clusters are of great 
importance, albeit unrelated to this work. If I had more time to work with nanoscale 
clusters, I would in particular investigate the size dependent catalytic activity of transition 
metals like cobalt, nickel, iron and alloys of the three which would be of great interest to 
the community. I would also pick substrates more carefully to ensure photodegradation 
is not an issue that impedes study as it did in the case of the Ti nanocluster work.  
III-Nitride Photoanodes 
Perhaps the most obvious area for future study with the III-nitride photoanodes is the 
continued work on enhancing the morphology of the thin films. AACVD is a powerful 
deposition method as it is based around the balance between heterogeneous and 
homogeneous reactions, which lead to different morphologies. Part of the reason why 
morphology manipulation was not achieved in the current work was due to low 
temperatures in the region above the hot plate where the homogeneous reactions are 
supposed to occur during vertical AACVD. The development of a bespoke piece of 
apparatus, akin to a vertical tube furnace, to ensure a superior and controllable level of 
heating for the falling precursor prior to its contact with the heated substrate, seems like 
an obvious and achievable experimental modification that may allow the formation of the 
desired phase and morphologies.  
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Additionally, due to time and cost limitations, only the InCl3 and GaCl3 precursors were 
used for the nitride depositions. It seems reasonable to suggest that other precursors 
would also allow the formation of the composite thin films and may also lead to different 
morphologies. It is also possible that by carefully selecting precursors with similar 
decomposition kinetics, a more direct proportionality can be developed between the 
precursor flow rates and the resultant composition of the thin films.  
A particular issue with the current methodology was found in the systematic formation of 
the aerosol. The ultrasonic humidifiers are assumed to give a constant output, however 
small variations in the position of the round bottom flasks containing the precursors could 
significantly change the amount of aerosol formed within. Furthermore, as two separate 
precursors were used, it was a large and likely false assumption that the output of both 
chambers was identical. Superior methods of aerosol formation are available, such as 
collision atomisers or ultrasonic nozzles, which could be used in place of the ultrasonic 
humidifiers to yield more reproducible results. Additionally, experiments could be 
conducted with mixed precursors, where the concentration of In and Ga in a single 
precursor is varied to yield different compositions, although this was discounted in the 
current work due to the higher costs associated with making many different precursors.  
Whilst the current study found it impossible to prove the presence of the alloy phase, it 
may be achievable with further study and experimental modification. The two significant 
issues in determining peak shifts were the overlapping reflections from different phases 
and the broad width of the reflections (particularly for GaN). The overlapping reflections 
may be accounted for by using a different substrate, perhaps plain glass as opposed to 
FTO to remove the FTO (101) reflection which was a significant problem as it lies exactly 
where the GaN (002) reflection is expected to shift to. In terms of reducing the peak width, 
annealing the samples may be possible to enhance the crystallinity. GaN generally does 
not form well at low temperatures. A long annealing step at 600°C, potentially under NH3 
and N2 to maintain the low O2 environment, may be beneficial in improving the 
crystallinity. Additionally, alternative annealing approaches, such as microwave annealing, 
have been shown to significantly improve crystallinity in other systems without the 
lengthy annealing times. Such methods may be used in the nitride system, which may help 
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to clear up the XRD response and show conclusive proof of the likely alloy phase that is 
present.  
Finally, the nitride thin films can be used for more than just simple photoelectrodes. The 
variation of the band gap with composition lends them towards the formation of complex 
photoelectrodes, such as heterojunctions and graded composition thin films. These 
should be easily achievable with the appropriate study and AACVD experimental 
modifications. Graded composition thin films, in particular, need investigation as the 
“resolution of composition” that can be achieved by the AACVD method would be of great 
interest. Essentially, this is the shortest length of time that an AACVD experiment must 
run to yield a reproducibly defined thin film of a uniform and desired composition. The 
shortest time used to fabricate films in the current study was 20 minutes, although one 
expects the lower limit of this resolution to be much less than that. As a deposition rate 
of approx. 50 nm per minute has been estimated, it may not be possible to produce 
uniform composition thin films of less than 50 nm without significant experimental 
modification.  
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Appendix II – Work Conducted for Fulfilment of the 
Centre of Doctoral Training Requirements  
The Doctoral Training Centre in Hydrogen, Fuel Cells and their Applications required 
students to complete 120 credits of taught modules and produce 3 mini project reports 
before the completion of their PhD programme. A total of 130 credits were gained 
through sitting various modules as listed in the table below.  
Modules 
Completed Module Names Number of Credits 
The Energy System 10 
Public Engagement and Awareness 10 
Business Methods, Economics and Strategy 10 
Marketing and TQM 10 
Materials for Hydrogen and Fuel Cell Technologies 10 
Effective Project Management 10 
Advanced Electrochemical Applications 10 
Fuel Cell and Hydrogen Technology 10 
Chemical Nanoengineering 10 
Materials for Energy Generation and Storage 10 
Postgraduate Enterprise Summer School 10 
Hydrogen Safety Part I / Part II 20 
TOTAL 130 
Mini Projects 
Three mini projects were completed through the course of the PhD in the areas of: Public 
Engagement, Interdisciplinary and Industrial. The 3 mini project reports were titled as 
follows: 
Interdisciplinary: Electrochem 2014 conference organising committee  
Public Engagement: Top of the Bench 2015 schools outreach activity 
Industrial: Visit to Qioptic and Conducting Nitride measurements for space applications  
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Appendix III – Dissemination of Research 
The following list details conferences that were attended through the course of the PhD 
studies and the work that was presented therein.  
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Chemical Vapour Deposition”, IOP Plasma, Surfaces and Thin Films Young 
Researchers Conference, Loughborough University, June 2015.  
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Appendix IV – Awards and Achievements 
The following list details the awards and achievements that were received during the PhD 
programme.  
1) Best Poster in Energy Research for the Research Challenge Poster Competition, 
Loughborough University Graduate School Summer Showcase, Loughborough 
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